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1.0  Introduction 

The  research  program  described  In  this  report  Is  directed  toward  the  In¬ 
vestigation  of  concepts  for  improved  high-frequency,  high-speed,  silicon  bi¬ 
polar  transistors.  The  research  Is  focused  In  three  major  areas:  (1)  de¬ 
position  and  characterization  of  seml-lnsulatlng  polycrystalllne  silicon 
(SIPOS)  as  a  heteroj unction  emitter,  iZ)  use  of  Ion  Implantation  and  rapid 
thermal  annealing  (RTA)  for  forming  the  base  of  bipolar  transistors,  (3)  In¬ 
vestigation  of  other  technologies  such  as  oxide  Isolation  and  polycrystalllne 
silicon  contacts  to  reduce  parasitic  effects  to  Improve  limitations  at  high 
frequencies.  The  research  ranges  from  fundamental  studies  of  structural , 
chemical,  electrical,  and  optical  properties  of  SIPOS  deposited  over  a  wide 
range  of  compositions  on  various  substrates  to  the  fabrication  of  transistors 
with  polycrystalllne  and  SIPOS  emitters.  Much  effort  has  also  been  directed 
toward  the  Ion  Implanted  base  where  numerous  techniques  for  forming  the 
shallow  Implant  and  maintaining  the  profile  during  further  processes  were  In¬ 
vestigated.  ^ _ 

A  number  of  Investigators  have  reported  the  use  of  polyslllcon  as  an 
emitter  material  [1-3].  Their  results  have  shown  that  significant  Improvements 
In  gain  are  possible.  Two  theoretical  models  have  been  proposed  to  explain 
the  higher  gains:  (1)  tunneling  through  a  thin  oxide  [4]  which  Is  attractive 
since  a  native  oxide  Is  generally  present  at  the  polysll Icon-silicon  Inter¬ 
face  due  to  the  cleaning  procedures,  (2)  a  reduced  mobility  1n  the  polyslllcon 
which  Is  part  of  a  two  region  emitter  of  polyslllcon  and  crystalline  silicon 
[2].  A  unified  theory  has  also  been  proposed  which  would  take  Into  account 
current  transport  In  the  single  crystal  emitter,  the  thin  oxide  and  the  poly- 
crystalline  emitter  [5,6]. 
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2.0  Research  Results 


2.1  Review  of  program 

This  section  contains  a  brief  discussion  of  the  work  performed. 

2.2  Semi -Insulating  Polycrystalllne  Silicon  (SIPOS) 

2.2.1  SIPOS  reactor 

The  reactor  for  the  deposition  of  oxygen-doped-polycrystalllne  silicon 
(SIPOS)  Is  a  low  pressure  chemical  vapor  deposition  system  with  a  horizontal 
hot  wall  quartz  tube.  Silane  and  nitrous  oxide  are  used  as  source  gases  and 
nitrogen  Is  used  as  a  purge  gas.  Table  2.1  Is  a  sumnary  of  the  system  para¬ 
meters.  Oxygen  content  can  be  varied  over  a  wide  range  by  carefully  controll¬ 
ing  the  reactant  gases  and  Reposition  temperature.  When  parameters  are  close¬ 
ly  controlled  good  reproducibility  Is  obtained  from  run  to  run.  The  system 
provides  good  uniformity  across,  the .wafer  and  the  boat.  The  furnace  tem¬ 
perature  has  a  ramp  In  order  to  provide  uniformity  across  the  boat. 

2.2.2  Characteristics  of  SIPOS 

Electrical  properties  of  SIPOS  depend  strongly  on  the  oxygen  content  of 
the  film,  dopant  concentration,  anneal  time,  temperature  and  ambient.  A  wide 
variety  of  SIPOS  films  with  different  oxygen  content,  dopant  ions,  dopant  con¬ 
centrations  and  annealing  schedules  were  deposited  on  Si  crystals  and  Si02  and 
have  been  studied.  Structural  properties  obtained  from  these  experiments  will 
be  outlined  in  the  next  section. 

Optical  absorption  of  SIPOS  films  of  different  oxygen  concentrations  were 
investigated.  The  results  obtained  are  similar  to  the  results  described  in 
the  literature  [7].  Optical  bandgap  Information  can  be  extracted  from  a  plot 
of  the  square  root  of  absorption  coefficient  and  beam  energy  product  vs.  beam 
energy  (Fig.  1).  This  method  of  extracting  the  bandgap  is  used  for 
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Table  2.1  SIPOS  Deposition  Data 
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Figure  !•  Optical  absorption  of  25Z  O2  SZPOS  films* 
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polycrystalline  and  amorphous  materials  and  yielded  a  bandgap  of  1.6  eV  when 
used  for  a  SIPOS  film  with  25*  O2;  this  value  supports  results  reported 
earlier  In  the  literature  [9]  and  can  also  be  supported  theoretically  [8]. 

This  bandgap  of  SIPOS  suggests  the  possibility  of  Its  use  as  a  heteroj unction 
material  for  the  emitter  In  a  silicon  bipolar  transistor  structure. 

In  order  to  understand  the  transport  phenomena  in  impurity  doped  SIPOS 
films,  which  are  candidates  as  emitter  material,  studies  have  been  made  on 
electrical  characterization  of  various  films.  Preliminary  results  are 
presented  In  Appendix  I.  Arsenic,  boron  and  phosphorous  Ions  have  all  been 
studied.  Implant  energies  were  chosen  to  Insure  the  same  Impurity  profile  In 
each  case.  Films  of  2500 A  SIPOS  with  different  O2  concentration  were 
deposited  on  SIO2.  Different  annealing  schemes  were  studied  which  Include 
rapid  thermal  annealing  or  furnace  annealing  to  activate  Implanted  Ions  and 
low  temperature  forming  gas  annealing  to  anneal  Interface  states.  Results  are 
shown  1n  Figures  2  through  6.  These  measurements  show  that  boron  Is  a  much 
more  effective  dopant  in  SIPOS;  It  Is  easier  to  activate  and  It  Is  not  greatly 
affected  by  different  annealing  conditions.  Arsenic  Is  not  as  effective  as  B 
and  results  In  a  large  resistance  and  a  strong  dependency  on  annealing 
conditions.  Sheet  resistances  were  found  to  be  a  function  of  oxygen 
concentration  and  Ion  Implant  doses.  A  high  temperature  anneal  before  Implant 
(preannealing)  followed  by  Implant  and  another  anneal  to  activate  the  dopant 
yields  lower  resistances  [Fig.  5  and  6].  In  some  cases  two  orders  of 
magnitude  reduction  In  resistance  Is  observed  compared  to  the  non-preanneal ed 
films.  Forming  gas  annealing  helps  also  In  reducing  the  resistance.  An  order 
of  magnitude  reduction  Is  possible  for  high  oxygen  content  films.  We  also 
found  that  the  use  of  rapid  thermal  annealing  (RTA)  was  a  good  alternative  to 
furnace  annealing.  As  can  be  seen  from  Fig.  2  or  Fig.  5,  RTA  gives  the  same 


*esu1ts  as  furnace  annealing  If  a  temperature  of  approximately  100*’C  higher  Is 
ised.  It  should  be  noted  that  RTA  temperatures  were  measured  by  placing  a 
thermocouple  near  by  the  sample.  The  actual  temperature  of  the  SIPOS  may  be 
^tlgher  than  that  Indicated  on  the  thermocouple.  The  short  times  (10-20s)  used 
In  RTA  even  though  tiie  higher  temperatures  are  used,  do  not  result  In  as  much 
dopant  diffusion  as  conventional  furnace  anneals  produce.  Films  annealed  by 
RTA  or  furnace  gave  a  uniform  Impurity  distribution  through  the  film  when 
measured  by  secondary  Ion  mass  spectrometry  (SIMS).  We  also  checked  the 
uniformity  In  oxygen  concentration  during  high  temperature  steps  (especially 
preannealing)  by  SIMS  and  found  them  to  be  uniform. 

I-V  characteristics  of  resistors  made  by  Implanted  SIPOS  1s  linear  and 
the  resistors  supported  2,000V/cm  field  strength  without  a  problem.  We  also 
performed  resistance  vs  temperature  measurements  on  these  resistors.  A 
typical  variation  of  resistivity  with  temperature  can  be  seen  In  Fig.  7.  An 
activation  energy  of  0.074V  was  extracted  for  the  low  temperature  region.  This 
type  of  conduction  with  two  different  activation  energies  has  also  been 
observed  by  others  for  undoped  SIPOS  [9,10,11].  Similar  characteristics  but 
different  activation  energies  have  been  reported  for  polysllicon  [12]  where  a 
complex  transport  mechanism  was  proposed  that  combined  thermionic 
emission, -thermionic  field  assisted  emission  and  thermionic  emission  assisted 
by  grain  boundary  scattering. 

More  work  is  underway  in  this  area  which  uses  the  polysilicon  model  and 
new  concepts  for  SIPOS.  In  terms  of  the  temperature  coefficient  of  resistance 
(TCR),  SIPOS  resistors  give  values  which  are  approximately  half  of  the  values 
obtained  from  diffused  resistors  In  the  same  operating  conditions. 
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Figure  3.  Effect  of  the  oxygen  concentration  on  the  sheet  resistance  of 
Implanted  SIPOS 


ain  fabrication  steps  of  this  process  are  shown  in  Figure  11.  Several  runs 
ave  been  done  with  varied  process  parameters. 

To  obtain  a  shallow  base,  both  B  and  BF2  implants  were  studied, 
ransistors  with  25  KeV  B  and  50  KeV  BF2  implants  were  fabricated,  base 
mplant  doses  ranging  from  lE13cm~2  to  5E14cm"2.  Preamorphization  with  Ge  and 
;i  was  also  investigated  although  not  included  in  the  transistor  process  to 
late.  Rapid  thermal  annealing  has  been  successfully  used  to  Insure  a  minimum 
;hange  in  the  implant  profile  during  activation  resulting  in  device  quality 
junctions.  Details  in  this  area  are  discussed  in  Section  2.3. 

The  effect  of  oxygen  content  in  SIPOS  on  device  performance  was  evaluat¬ 
ed.  SIPOS  with  O2  content  in  the  range  of  10%  to  25%  was  used  as  an  emitter 
material.  A  control  wafer  with  a  polysilicon  emitter  was  added  to  each  run  in 
order  to  provide  a  control. 

Arsenic  and  phosphorous  have  been  implanted  into  SIPOS  to  dope  the 
emitter.  Since  RTA  was  used,  the  usuH  problem  of  fast  diffusion  of 
phosphorous  was  eliminated. 

Different  emitter  structures  were  considered.  SIPOS  emitters  of  250nm, 
SIPOS/Poly  emitters  (100  nm  SIPOS  +  150nm  Poly)  and  poly/SIPOS/poly  emitter 
(50nm  poly  +  lOOnm  SIPOS  +  lOOnm  poly)  were  investigated.  The  best  structure 
was  found  to  be  the  SIPOS/poly  emitter. 

The  use  of  different  interface  preparation  techniques  before  emitter  de¬ 
position  was  investigated.  RCA  cleaning  CNH40H:H202:  DI  1:1:5,  75“C  5min  +  HF 
dip  +  HC1:H202:  DI  1:1:5,  75*’C  5  min],  RCA  cleaning  followed  by  HF  dip  and  a 
quick  rinse  dry  scheme  and  choline  +  detergent  cleaning  were  tried.  The  idea 
was  to  either  leave  or  remove  the  chemical  oxide  at  the  interface. 


SIPOS  Emitter  CoDector 
Base  Emitter  Contact  Contact 
Contact  V  I  / 


voltage  characti sties  if  a  pre-anneal  of  550®C  for  30  minutes  is  used  prior  to 
the  high  temperature  anneal -for  either  a  furnace  or  a  RTA  anneal.  See 
Appendix  VI  and  XII.  In  an  un-amorphized  sample,  if  a  pre-anneal  is  used,  the 
RTA  temperature  can  be  reduced  to  as  low  as  950®C  for  10  sec.  If  the  sample 
is  pre-amorphized  before  the  B  implant  the  dopants  will  be  in  the  substitut¬ 
ional  sites  upon  regrowth  of  the  crystal.  A  BBO^C  anneal  for  30  minutes  will 

regrow  the  crystal.  The  only  RTA  needed  is  then  to  remove  the  damage. 

Shallow  p-n  junctions  were  made  using  both  B  and  BF2  and  it  was  found 
consistently  that  the  diodes  formed  with  BF2  were  of  poor  quality  compared  to 
those  formed  with  B.  Analysis  of  the  samples  which  used  BF2  showed  that  it  is 
very  difficult  to  remove  the  F.  It  quickly  moves  to  and  is  trapped  at  the 
extended  defect  location.  High  temperature  anneals  are  required  to  remove  the 
F  from  the  sample.  Also,  it  was  found  that  a  defect  layer  is  formed  at  the 
surface  of  the  sample  if  BF2  is  iiSed  while  it  does  not  show  up  when  B  is  used. 
Thus,  BF2  should  be  avoided  if  possible. 

2.4  Transistor  structure 

Since  SIPOS  has  a  bandgap  which  is  larger  than  silicon,  it  can  be  used  as 
an  emitter  material  in  a  heteroj unction  bipolar  transistor  structure.  This 
transistor  is  expected  to  have  a  high  current  gain  with  low  base  sheet  re¬ 
sistance  values.  Also,  it  should  have  all  of  the  advantages  of  polysilicon 
emitter  transistors  which  are  well  suited  for  high  frequency  high  speed 
operation.  A  transistor  structure  with  a  SIPOS  emitter  and  oxide  isolation  is 
the  <•  1  for  this  part  of  the  research  work  is  shown  in  Figure  10. 

2.4.1  Process  development 

In  order  to  obtain  key  process  parameters  required  to  realize  the 

transistors  shown  in  Figure  10  and  to  address  and  answer  all  of  the  process 

oriented  questions  ,  a  very  simple  bipolar  transistor  process  was  used.  The 
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doped  material  where  the  B  Is  Implanted  after  pre-amorphlzatlon.  See  Appendix 
X.  One  belief  Is  that  the  enhanced  mobility  may  result  from  strain  relief 
since  Ge  Is  larger  than  SI  and  B  Is  smaller  than  SI.  The  net  result  may  be 
that  more  than  one  B  atom  may  be  attracted  to  tiie  Ge  atom  thereby  reducing  the 
Impurity  scattering.  There  are  many  Implications  to  be  drawn  from  this 
observation  and  the  whole  area  needs  further  study. 

Aside  from  the  potential  benefit  of  the  Ge  when  used  as  a  pre- 
amorphlzatlon  Ion  It  leaves  behind,  after  tiie  anneal,  a  layer  of  extended  de¬ 
fects.  The  number  of  defects  Is  dependent  on  the  sharpness  of  the 
amorphous-crystalline  Interface.  These  defects  can  be  removed  but  the 
temperature-time  requirements  are  such  that  significant  diffusion  of  the  B 
takes  place.  One  Is  left  with  the  choice  of  putting  these  defects  well  below 
the  shallow  Junction  (to  a  place  where  an  extended  depletion  layer  would  not 
extend)  or  very  near  the  junction.  The  specific  application  may  decide  this 
choice.  Another  problem  with  Ge  pre-amorphlzatlon  Is  that,  contrary  to 
popular  belief,  Ge  can  form  clusters  when  It  Is  present  at  high  levels  In  an 
amorphous  layer  which  is  later  recrystallized  [19].  Care  must  be  taken  to  use 
only  the  dose  of  Ge  needed  to  do  the  pre-amorphization. 

Another  problem  with  implanting  Ge  that  must  be  avoided  is  to  implant 
only  Ge  and  not  GeH  or  GeH2.  The  common  source  of  Ge  for  impl enters  is  6eH4. 
Since  Ge  has  a  number  of  isotopes  it  is  easy  to  implant  GeH  as  well  as  Ge 
unless  Ge^  (the  lowest  mass  isotope)  is  used.  See  Appendix  XI.  In  summary, 
Ge  is  a  viable  candidate  for  preamorphization  provided  the  proper  energy, 
dose,  and  anneal  cycle  is  used. 

The  anneal  schedule  to  remove  the  radiation  damage  and  to  activate  the 
dopant  or  to  regrow  the  crystal  and  anneal  out  the  damage  is  critical.  In  all 

cases  it  was  found  that  significant  improvements  are  possible  in  the  current 
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would  also  yield  low  energy  B  Ions  upon  Impact.  This  problem  was  studied  ex¬ 
tensively  -see  Appendixes  lY,  V  and  VI.  It  was  found  that  the  profiles  were 
somewhat  reduced  In  depth,  however,  little  or  no  amorphous  layer  formed  to 
prevent  channeling.  Detailed  studies  revealed  that  higher  RTA  temperatures 
were  needed  to  reduce  the  additional  damage  caused  by  the  BF2  Ions.  Diodes 
were  formed  using  this  technique  and  rapid  thermal  annealing,  and  the  elect¬ 
rical  properties  were  measured.  Although  the  results  were  promising  In  that 
reasonably  good  electrical  properties  were  found,  the  junction  depths  were 
still  large  for  the  base  application. 

Another  way  to  reduce  the  junction  depth  Is  to  pre-amorphize  the  surface 
of  the  sample  with  SI  or  6e  prior  to  the  low  energy  B  or  BF2  Implantation.  We 
have  studied  both  techniques  -see  Appendices  VII,  VIII  and  IX.  The  studies 
show  that  SI  pre-amorphizatlon  Is  not  a  good  choice  for  two  reasons.  First, 
the  SI  surface  does  not  completely  amorphize  unless  the  SI  wafer  Is  held  at 
liquid  nitrogen  temperatures.  This  Is  a  result  of  beam  heating  and  the  small 
mass  of  the  SI  Ion.  Second,  Implantation  of  molecular  nitrogen  occurs  unless 
29si  Ions  are  used.  The  latter  is  impractical  due  to  source  yield  In  the  1m- 
planter.  Unless  the  surface  Is  completely  amorphous  there  will  be  a  high 
density  of  extended  defects  formed  after  annealing  which  are  very  difficult  to 
anneal -out.  For  these  reasons  it  Is  felt  that  SI  Is  out  of  the  question  as  a 
pre-amorphizing  Ion. 

Germanium  on  the  other  hand  holds  more  promise.  Data  shows  that 
pre-amorphizatlon  can  be  accomplished  with  Ge  Ions  even  without  a  cooled 
substrate.  The  dose  required  (~2xl0l^/cm2)  is  also  reduced  almost  an  order  of 
magnitude  over  that  required  for  SI.  The  question  must  be  raised  as  to  the 
Influence  of  the  Ge  on  the  devices  to  be  fabricated.  Data  shows  that  Ge  can 
result  In  an  enhanced  mobility  (by  a  factor  of  up  to  4  times  normal)  for  B 
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dopant  since  there  are  no  other  viable  p-type  dopants.  The  npn  structure  was 
chosen  because  the  best  results  have  been  obtained  by  other  workers  for 
polyslllcon  or  SIPOS  emitter  devices  using  a  npn  structure  [1-3,  13]. 

2.3.2  Boron  Implant 

Boron  Is  a  small  atom  relative  to  SI  and  hence  Is  subject  to  significant 
channeling  for  low  energy  Implant  conditions.  One  of  the  problems  Is  that  B 
delivers  too  little  energy  density  to  cause  the  crystal  surface  to  become 
amorphous.  An  other  problem  Is  that  It  Is  very  easy  for  B  Ions  to  be  diverted 
into  channeling  paths  no  matter  what  the  orientation  of  the  crystal.  Both 
these  problems  are  treated  In  Appendixes  III  and  IV.  The  end  result  Is  that 
even  with  very  low  energy  Implants  of  B  (~10Kev)  and  careful  orientation  of 
the  wafer,  the  profile  Is  a  non-Gausslan  distribution  with  a  tall  that  goes  to 
0.2>0.3  ^  after  annealing.  An  additional  practical  problem  Is  that  most 
commercial  Impl enters  are  not  capable  of  the  low  energy  Implants  without 
modification. 

A  variety  of  techniques  to  produce  the  shallow  B  profile  were  Investigat¬ 
ed.  As  a  part  of  this  phase'  of  the  work,  rapid  thermal  annealing  (RTA)  was 
evaluated  as  a  means  to  remove  the  radiation  damage  and  to  activate  the 
dopants.  Having  studied  the  channeling  problems  and  found  then  difficult  to 
avoid,  the  next  obvious  approach  was  to  use  a  molecular  Implant  (BF2)  as  an 
Ion  source.  Then  the  energy  Is  distributed  according  to  the  mass  ratios  bet¬ 
ween  the  B  and  F  atoms  and  It  turns  out  both  the  B  and  F  are  Implanted  to  ap¬ 
proximately  the  same  depth.  This  happens  eventhough  the  F  atoms  break  off 
with  more  energy  than  the  B  atoms  since  they  are  larger,  however,  the  range  of 
both  Is  approximately  the  same  due  to  flourlne  greater  stopping  power.  It  was 

hoped  that  the  BF2  molecule  would  not  only  render  the  surface  amorphous  but 
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morphologies.  Additional  Information  to  be  gain  should  Include:  the  degree 
of  solid  phase  epitaxy  of  Individual  grains  during  annealing,  doping 
distribution  after  annealing,  and  oxidation  of  films. 

2.2.4  Summary 

As  explained  above,  a  correlation  exists  between  structural  and 
electrical  properties  of  SIPOS.  Oxygen  concentration  determines  the  grain 
size  and  is  a  major  factor  which  affects  the  resistivity  of  the  films.  Oxygen 
concentration  Is  a  function  of  deposition  temperature  and  the  reactant  gases 
concentrations.  With  a  proper  selection  of  oxygen  concentration.  Ion  Implanted 
species,  doses  and  annealing  conditions,  a  resistance  range  from  a  few  hundred 
ohms  to  megaohms  can  be  achieved.  This  makes  possible  the  use  of  SIPOS 
resistors  In  applications  where  high  value  resistors  are  required.  The 
potential  application  of  SIPOS  as  an  emitter  material  makes  this  choice  more 
attractive.  _ 

2.3  Implanted  Base 

2.3.1  Problem 

Another  of  the  primary  objectives  of  this  work  is  to  develop  a  procedure 
for  the  formation  of  a  narrow  base  for  the  transistor  using  ion  Implantation 
and  RTA  This  requires  not  only  a  very  shallow  Implant,  but,  a  follow-up  anneal 
schedule  to  remove  the  radiation  damage  and  to  activate  the  dopant  In  a  way 
which  avoids  significant  diffusion  of  the  dopants.  Other  process  steps  which 
follow  also  must  not  to  cause  big  changes  In  dopant  profiles.  A  npn  bipolar 
transistor  was  chosen  which  by  necessity  requries  that  B  be  used  as  the  base 
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Figure  9.  ITEM  of  •  polyslllcon  fil«  after  RTA 
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2.2.3  Structural  properties  of  SIPOS 

The  characterization  of  SIPOS  films  have  been  Initiated  by  way  of  cross 
section  transmission  electron  microscopy  (XTEM).  This  procedure  Is 
advantageous  In  the  study  of  the  grain  size  morphology  and  distribution. 

For  more  specific  detail,  refer  to  Appendix  II. 

Variables  examined  were  oxygen  content.  Ion  Implantation  conditions,  and 
annealing  schemes  as  summarized  In  table  1  of  Appendix  II.  The  Initial 
Investigation  revealed  that  each  of  the  variables  Influenced  the  structure 
morphology.  An  RTA  anneal  following  deposition  and  Implantation  of  SIPOS 
films  on  silicon  oxide  film  produces  a  fine  equiaxial  grain  morphology  (Fig. 

8) .  This  structure  differs  from  the  columnar  grain  of  RTA  poly-slllcon  (Fig. 

9) .  The  actual  grain  size  decreased  with  Increasing  oxygen  content.  The 
Implanted  samples  produced  a  grain  distribution  that  consisted  of  larger  grain 
which  appeared  at  the  SIPOS-SIO2  interface  till  the  upper  third  of  the  SIPOS. 

A  sequence  of  first  ImplantatloiTand  then  RTA  produced  a  finer  grain 
size.  Therefore,  the  Initial  Information  suggests  that  the  Impurity  materials 
affect  the  grain  nucleatlon  and  growth  in  conjunction  with  the  particular  RTA 
treatment.  The  analysis  of  SIPOS  films  shows  that  the  larger  grains  the  lower 
the  sheet  resistance.  The  larger  grains  are  usually  produced  by  lower  oxygen 
content,  and  longer  annealing  time.  SIPOS  deposited  over  SI  and  over  SIO2 
shows  the  same  morphology  for  a  given  Implant,  oxygen  content  and  RTA 
combination. 

Microscopic  studies  will  determine  ttie  randomness  and  distribution  and 
orientation  of  the  columnar  grains  which  are  found  In  SIPOS.  The  understanding 
of  nucleatlon  kinetics  will  be  needed  In  producing  specific  grain 
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Figure  7.  Variation  of  the  Inplanted  SIPOS  raaiatance  with  temperature  (Kavv 
at  280*C) 


As  1E16cm-*  1 70  keV 
n50°C,10s.*375°C.2hrs 


Figure  4.  Variation  of  the  SIPOS  aheet  resistance  with  Ion  Implantation 


An  Investigation  of  activation  annealing  was  done  In  which  furnace 
annealing  (1000*C  -30  rain)  and  RTA  were  studied.  Since  SIPOS  requires  high 
teraperatures  for  activation,  RTA  teraperatures  used  were  1100 ®C  and  1150®C  for 


tiraes  of  10  to  20  seconds. 

The  use  of  plasraa  etching  of  SIPOS  was  studied.  Plasma  etching  was  used 
to  define  the  SIPOS  or  poly-SI  patterns.  A  mixture  of  Freon  14  (10.8%)  Freon 
13  (2.7%)  and  oxygen  (3.4%)  was  used  at  a  power  level  of  175W  and  a  pressure 
of  3.6  Torr.  Worst  case  selectivity  of  4:1  was  obtained.  The  following  etch 
rates  were  found: 


N2O/SIH4  ratio 


during  deposition 


etch  rate  [A/sec] 


0  (Poly) 

120 

0.053 

92 

0.112 

70 

0.25 

30 

SiOa  (VLTO  deposited) 

10 

The  results  of  the  above  experiments  are  now  summarized.  Current  gains 
obtained  were  up  65.  The  best  figure  of  merit  ChpE/Rg  kq'^3  obtained  was  50 
for  a  polysilicon  transistor  (hpE  =  65  Rb  =  1.3K)  and  40  for  a  SIPOS 
transistor  (hpE  =  10,  Rb  =  0.25K). 

A  typical  transistor  output  is  shown  in  Fig.  12.  Breakdown  voltages  of 
60V  were  obtained  for  iQcm  n-type  100  substrates.  The  current  gain,  base 
resistance  and  breakdown  voltage  distributions  across  the  wafer  were  good. 

The  low  gains  and  other  problems  are  attributed  primarily  to  problems 
inherent  in  the  simple  geometry  used  to  demonstrate  the  transistors.  The  lack 
of  an  epitaxial  layer  results  in  two  disadvantages:  large  collector 
resistance  and  large  collector  area  due  to  the  vertical  transistor  structure. 
Large  leakage  currents  were  caused  by  the  large  geometries.  A  very  simple  mask 
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Figure  12 •  Output  characteristics  of  a  typical  SIPOS  emitter  transistor.  (2SX 
O2  SIPOS  emitter,  lE16cm~^,  180  KeV  Aa*^  Implanted;  Rg  »  0.8  K). 
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set  was  used  for  these  runs  on  which  minimum  feature  size  was  SOixm  with  a 
typical  emitter  area  of  20000vim2.  The  relatively  high  emitter  resistance  of 
the  SIPOS  emitter  added  to  these  disadvantages.  Thus,  at  lower  current  levels 
active  device  operation  was  limited  by  leakage  currents  while  junction  turn«on 
was  Increased  due  to  high  emitter  resistance,  and  at  higher  current  levels 
device  operation  was  Impeded  by  high  collector  and  emitter  resistances.  A 
plot  of  collector  and  base  currents  vs.  base-emitter  voltage  shows  these 
effects  very  clearly  (Figure  13). 

Further  studies  on  transistor  structures  using  SIMS  have  shown  that  no  n+ 
crystalline  region  was  formed  by  diffusion  of  As  or  P  from  the  emitter  Into 
substrate.  It  has  been  reported  that  when  no  crystalline  emitter  region  Is 
formed  In  SIPOS  transistors  the  current  gain  Is  low  [13].  Polyslllcon  emitter 
transistors  are  not  susceptible  to  the  formation  of  this  region  [14,15].  This 
explains  the  higher  current  gain  In  the  polyslllcon  transistors  fabricated. 
Furthermore,  It  Is  believed  that  hydrogenation  done  at  375'*C  for  2  hrs.  In  10% 
H2  -90%  N2  was  not  completely  effective  for  annealing  Interface  states. 

2.4.2  New  designs 

In  order  to  avoid  design  related  problems  described  above  a  new  mask  set 
and  a  revised  process  were  designed.  The  new  mask  set  provides: 

-  minimum  feature  size  of  2.5vim, 

-  transistors  with  emitters  2.5|iffl  x  5^m  and  5(im  x  lOjim,  different  diodes, 
emitter  and  resistor  sheet  resistance  structures,  base,  emitter  and 
collector  contact  resistance  structures,  ring  oscillators  and  TTL 
gates. 

-  mask  levels  for  burled  layers.  Isolation,  N'*’  collectors  Implant,  re¬ 
sistor  shielding,  cross  over  Insulation  in  addition  to  standard 
levels. 
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A  process  compatible  with  this  set  and  which  Includes  oxide  Isolation, 
epitaxial  collectors  Is  being  developed.  Meanwhile,  a  modified  version  of  the 
simple  process  with  a  planar  non- Isolated  transistor  structure  Is  being  used. 

2.4.3  Summary 

Although  not  completely  successful,  the  feasibility  of  SIPOS  emitter 
transistors  with  Ion  Implanted  SIPOS  and  rapid  thermal  annealing  was  de¬ 
monstrated.  A  baseline  process  for  fabrication  of  simple  bipolar  transistors 
was  developed  and  much  knowledge  on  process  related  problems  was  obtained. 

3.0  Future  work 

Future  research  work  is  being  focused  In  the  following  areas: 

-  Conduction  mechanisms  In  SIPOS:  more  work  Is  needed  to  Investigate  the 
effectiveness  of  boron  In  SIPOS;  p  and  n  type  carrier  transport  should  be 
experimentally  studied  In  terras  of  mobility,  barriers  for  transport  and 
activation  energies.  High  frequency  behavior  of  SIPOS  conduction  needs  to  be 
investigated  since  SIPOS  is  a  candidate  for  high-frequency  devices.  A 
theoretical  model  Is  needed  to  support  the  experimental  work. 

-  SIPOS  junctions:  In  order  to  better  understand  the  heteroj unction  pro¬ 
perties  of  SIPOS,  different  types  (p  and  n)  of  SIPOS-sIl Icon,  SIPOS- 
polyslllcon  and  SIPOS-SIPOS  Junctions  need  to  be  studied  In  terras  of  I-V  and 
C-V  characteristics  Including  temperature  and  frequency  dependences.  Effects 
of  process  parameters  such  as  low  temperature  annealing  must  be  included  In 
this  study.  Hydrogenation  by  Ion  Implantation  Is  a  promising  technique  to 
control  the  amount  of  H2  In  the  film. 

-  A  theoretical  model:  a  good  model  Is  needed  for  SIPOS  heteroj unction 
transistors.  Previous  models  for  poly-si  can  not  be  applied  to  SIPOS  due  to 
smaller  grain  size  of  SIPOS  and  the  existence  of  O2  in  the  film.  Indeed  the 


proof  of  the  Independence  of  current  gain  of  polysHlcon  emitter  transistors 
from  the  formation  of  n'*’  crystalline  regions  Is  significant  [14].  The 
existence  of  this  n'*'  crystalline  region  appears  to  be  required  for  good  SIPOS 
transistor  performance  amd  Indicates  that  the  transport  mechanism  and  the 
phenomena  which  Increases  efficiency  at  tiie  base-emitter  junction  may  be 
different  for  polysilicon  and  SIPOS  transistors.  Heteroj unction  theory  Is  not 
mature  yet  and  there  Is  still  discussion  about  the  basics  of  the  theory 
[16,17].  This  area  needs  more  work  from  the  fundamental  theory  to  Its 
application  to  SIPOS  transistors.  Empirical  models  can  be  used  for  the  time 
being  for  engineering  purposes. 

-  Since  It  has  been  shown  that  preannealing  changes  structural  and 
electrical  properties  of  SIPOS,  this  must  be  Incorporated  Into  the  device 
process.  However,  due  to  the  high  temperatures  required  for  pre-annealing, 
all  of  the  junction  formation  should  be  done  after  preannealing.  This  may 
call  for  a  self-aligned  process  which  In  Itself  Is  attractive  for  high 
frequency  purposes.  This  process  appears  feasible  [3,15],  however,  the  base 
contact  formation  poses  particular  problems.  SIPOS  can  be  selectively 
Implanted  and  Its  Insulating  properties  seem  suitable  for  process  purposes. 
Process  development  Is  needed  to  Investigate  the  realization  of  self-aligned 
SIPOS  transistors. 

-  The  use  of  Ge  pre-amorphizatlon  for  the  formation  of  the  shallow  base 
needs  to  be  fully  demonstrated.  Particular  emphasis  should  be  on  choosing  the 
best  Ge  dose  and  energy  with  respect  to  the  electrical  properties  of  the  tran¬ 
sistor. 

-  Mew  structures:  superlattices  of  alternating  thin  {~100A)  silicon  and 
silicon  dioxide  layers  or  silicon  nitride  have  been  obtained  [18].  A  super¬ 
lattice  emitter  may  offer  a  new  possibility,  however,  the  technology  to  fab¬ 
ricate  thin  alternative  layer  of  SI  or  SIO2  needs  further  research  effort. 
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pas  (10%  By  -  90%  My)  for  1-2  houra,  the 
ahaat  raaiatanea  was  found  to  daeraasa  ap- 
proalnataly  one  order  of  nagnltuda  aa  shown 
In  Plpura  1  and  2.  He  nlnlnun  ahaat  raalat- 
aaea  waa  found  for  poat  annaalad  aaaplaa. 
Peat  annaallnp  does  not  affect  the  ahaat 
raaiatanea  unlaaa  the  dopant  atosM  are  aetl- 
vatad  aa  eaa  ba  seen  In  Pldura  1.  Poat  an- 
aaallnp  la  also  ouch  aora  affect Iva  for  high 
osygan  ccoeantratlon  (sea  Plgura  2).  The 
ahaat  raaiatanea  la  a  strong  function  of  the 
dopant  dona  aa  shown  In  Plgura  3.  Plgura  2 
aad  3  alas  aho*  the  affact  of  osygaa  conean- 
tratlco  aa  ahaat  raaiatanea. 

IPraannaallng  at  high  tssiparsturas 
000*C-1200*C)  prior  to  ion  laplantatlon  waa 
iavaatlgatad  to  study  lapurlty  radlatrlbu- 
tloa.  Seth  loop  annaala  at  high  taaparature 
as  well  an  ahert  annaala  (RTA)>  wara  found  to 
Significantly  lowar  the  sheet  raaiatanea  aa 
ahowa  la  Plgura  4.  Pcaannaal  taaparature  ap- 
poara  to  bo  aoro  laportant  la  raduelng  the 
ahaat  raaiatanea  than  does  annaal  tlaa. 
Structural  aaalyala  haa  shewn  that  pra- 
anaaalad  fllaa  have  largor  grain  alaaa. 
Oatallad  rasulta  of  the  structural  analyaln 
Is  looludad  In  an  aceoapanylng  paper. 
Coaduetioa  ef  the  doped  SIPOS  fllsw  waa 
ohalo.  SKaat  raslataneaa  froa  Iko^  ti> 
4MS^  eaa  bo  obtalnad  by  vuytnp  ilia  oiygcn 
aencaotratlaa  and  dopant  <1000.  tn  susaary  » 
ballovo  that  SIPOS  coupled  with  Ion  laplnn 
tatloa  aad  STA  offaca  a  aatarlal  preenn 
vhlch  in  aultabla  for  Intagrstad  circuit  f.i 
brlcatioa. 


!. 

Supported  by  Offlca  of  Naval  Raaaarch. 
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tne.  Dsllaa.  Tasao. 
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Micros tructure  of  Implanted  and 
Rapid  Thermal  Annealed  SIPOS 
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NICSOSTRUCTURE  OF  [HFijiN'tD  ANO  WPID 
mUMM.  ANUFAlEO  SIPOS 

A.  '4nq^.  r.  AlAord*.  «.  xis.-irjl.  /.  h. 
r.  aOrtiMn^,  G.  A.  fo^'J^Pr  ' 


Sheet  resistAhce  b,  here  f'p  •-•3  ;r'ler$  :f 
meanltude.  Fijure  A  spc»s  si-p-e  6  .mch  «ds 
sre-inreAled  At  i:C0®C  for  40  sec.  -.-en  ^s 
‘On-^:BplAnted  ihd  dCf-Ated  dur--?  innei'  'q  It 
H^O'^C  “'or  10  sec.  The  jriin  5  ;50ut  eqed' 

td  test  of  are-dnned'ed  swipJe  2  t.t  dOi'P  c-e  *.o 
the  ACti«Ated  eopsht,  hLcn  lo»er  >reet  r»s  i-;? 
•AS  obtdtped. 


»**terlAl  Enqtreerlhfl  leoir-.-nert 
North  CdfoHne  stete  -nwerstt/ 

^d>’gh.  <  27695-7916 

clectricel  And  Coewuter  Enq’neerinq  OeoArteient 
North  Capo  11  PA  St  Ate  Jni»ersit)> 

SAlelqh,  hC  27695-7911 


The  study  of  SIPOS  (se«t-lhs„.dt  r.q 
oi/Cr/stAl I ine  silicon)  'As  jA'-ed  Attentl:n  oue 
a  Us  srsctlCAl  leportdnce  ds  d  ddSSUdticn  J/er 
n  liqh  «oltA9e  ttlBOidr  sllUon  oevUes  il,2). 
IPOS  cdn  oe  A'so  used  as  a  -  ;n  -,e^'.  ;p 
fficlency  emitter,  as  «e''  is  s  '  ]h  -ei  sti'ce 
Acer'il  'or  reststers.  •-en  ;e;os!;AC  z, 
teostner'e  pressure  or  '  C'AS'.^re  -eni  i  ■  i;:r 
eoosU'on  'APCvO  or  SiPlS  s  .-•-e'-t'  / 

ourd  to  be  uporano'.i  .l-S-.  :us 

nwesf  qitUns  s.q  jested  trAt  .;-0S  f-  ns  i-e 
he  ‘on  of  S  O,,  urere  0  --  »  <  2  '2.5).  U  ms 
een  sr.o«in  the;  the  saorohous  ije'  i.p  oe 

oao'.etelj  unrerted  -rto  SI  nlC'tu'rSti  >  i-O 
JBrinouS  S'Oj-r'ch  Interjedi'  ndter'd'.  '■-•■-j 
in  UlC^O  inneel  (4-7). 


In  this  study  the  structursl  Aspects  of  ST-CS 
Ayers  deposited  on  thenel ' j -jcThh  ji'Tp  'f  T<0 
<et"od  At  6;4^c  And  170  .iiTorr  for  2  -cu's 
inji/sed.  Sdaples  »Uh  SiPOS  dyers  ;ontdin’P5  ;3t 
ino  30%  of  OA/qen  uere  invest  ■' jAted.  Some  SIPOS 
idoples  rere  lon-laplirted  •Un  a$  or  3.  In  tie 
icc:3B4r;'nq  pAoer  (3),  eUctrUA'  prppe'tUs  of 
:ne  Un-  rp' Anted  SAdioies  -s' -9  rf-'jrer;  -.jid 
'.nerTWl  sr-eilinq  processes  I'e  rsc.ssed.  '-e 
idiAO’es  ".est'jdted  doa  uei-  •. ---Atner-.  -..I'-'Ou'es 
ire  mown  in  Tdoie  1.  're  sts’e  -f 
irystd I '* Jdt ‘ bn.  dS  ne'l  IS  ;'>•  nAjn't.:e  s-d 
;is:''bu:Mn  of  ;ra1n  sloes  m  S.-OS  'a-e'  .ere 
ietermired  f'yt  cross-section  t-ins.'ei ss ■  on  e'rc;r;n 
ilcro'jripns  (jT-h).  fljur*  I  's  a  t’-h  :f  tro 

ileces  of  the  sam  Awrpnous  StPCS  Uyer  p-epAred 
‘ice  to  fsce  durlnq  the  'c.H  sioo'e  t-'-nin^ 
jrocedure.  The  ilcroqrAph  U  represertdt' <e  of 
jither  in  is-deoosUed  (si-p  e  1)  or  in  -o'a-'.eO 
iSAinple  1)  SIPOS  lAyer  pr'or  to  i--eil.oq.  >6 

u*rpnous  stdte  oas  Also  .orfi— 'ea  by  selected  j-ed 
liff'dCtion  IPAlySlS.  rijjre  2  sneus  one 
Ilcrostructure  if  A  SIPOS  'l>er  tredted  via  Piold 
'henel  AnneAlInq  (PTA)  it  IJCO^C  for  dO  sec 

Isdaple  2).  The  jrelh  st;e  of  '.r-t  pa',;cri\ 

licrocryStAlS  shown  In  ■•■}.  2  -iry  --om  IS  to  dO 

n  rtth  1  tendency  for  :r?  ' trper  ;'iins  -o  oe 

I'bser  to  tne  deoosUed  S'Ts  'i,er.  '-'s  'S 

'n  ontrist  witn  lepcsiteo  ;o  ,.',..ti  -e  '.  '■'z-i 
.h‘.n  MS  1  ;  -mnir  jri'r  .  --y-:--;  •  -  ,n 

tne  :»'''d  --ter*  ice  -p  o  :  .-■•'i:.  '' 

IS  lepos'ted  SIiOS  s  ■  -  t  -p  i-.  --en 

s-bs ;  t--*"!  1  <  iP'oi'ed  it  I. 'I  i‘.  ■ .  e 

*,  .ee  '  ;j-e  31.  then  i  ,-i  t-  i---;  Sr  ;-i  -  .e 
s  'Oser.ed  npired  to  '.m  -  -.---i  ;  /  i.e-" 
SiSOle  ’1.  It  suggests  'm  OJht  -iter  dl  -  t-t 
•eve  s-«e  nf'uence  on  tne  .-i-n  eiftr  .-t 

jrowtn.  ’he  decreesc  of  ,'i'n  s  :•  in  stro  e  2 

louiJ  be  evoected  to  increise  :"e  .“»?t  -estirce 

if  t“e  Iyer.  however,  mit-rt  -f  <-ee  ci-r-ers 
luooiled  by  icti.ited  dspAnt  i.t^al'y  -et-eises  Me 


The  dAta  In  Fldures  1  to  d  .e'e  ootaMee  -m-, 
SIPOS  layers  with  1C%  oxyjen  cortent  if  Cy.  SIpCS 
layers  with  30%  0^  content  «ere  a'so  investijated 
and  found  to  have  a  s'mi'dr  ncrpnolojy  tb  tnat  of 

the  10%  Oj  Simple,  'he  jra‘n  sue  of  tne  n  i-e- 

content  saieples  «as  docut  oC%  s.haI  er .  -e  'osv  ts 

Show  that  the  mlcrostructure  and  Me  s-eet 

resistance  of  SIPOS  are  corre’ated  and  depend  on 
fabrication  parameters  such  as  :>yqen  content, 
concentration  of  dopints  anfl  tnemal  an-ei'i-g 
process.  For  Instance,  Mitial  resu  ts  iri  _ate 
tnat  achlevinq  a  'arqe  jritn  sice  prur  to  tcpi-t 
■  nplantdclcn  yietos  'i»er  '.••.eet  --sisti-'e  i.,e*‘S 
Man  1  Mddit'Mal  npiaht  •.''-ei.  •.et-e-te. 
5  nilarly  ti  vats-sn-ta  it  i'.  -u-dsui  .-t 

ll  (4)  we  f-.und  -.'it  --e  train  s-;e  ceM’.l'.A 
«itn  ovyjen  co-tent,  -ni'e  t'e  .heet  resi-.ti  •) 
npreases  as  e-pe:tei. 
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0%  O2  content  SIPOS  tinple  nas  the  tame 
reataent  as  3Ct's 
t  1200°C  for  40  sec 


jure  1.  «7Ef*  eierojraph  for  simple  represantitl.e 
of  as->poslted  ard  /or  as-lmplanted  S’.'CS 
prior  to  iny  tnenaal  treatment 


r'jure  3.  XTEH  micrographs  for  simp>  7,  followinq  4s 
•hplantat ‘on  and  liCC^C,  40  sec  anneal  (a) 
djr«  fle'a  o)  se'ected  area  diffraction 
Sit  tern 


Figure  4.  »TEM  micrographs  for  sample  6  which  has  Deen 
octh  pre-annealed  at  ;Z00°C,  40  sec  and 
oost  4s-implantatlon  annealed  at  IISC^C  for 
'.3  sec  (a)  dark  f'eld  (b)  se'ectea  area 
diffraction  pattern 


|ure  2.  XTEH  alcrographs  for  sample  2  fol'owing 
1Z00°C,  40  sec  ore-arneal  (a)  dark  feid 
(b)  selected  area  diffraction  pattern 


rater  depth  using  a  DAKTAK,  and  the  boron  ion  concentration  was  calculated  by 
sing  the  Si  signal  as  a  reference.  The  resulting  SIMS  profiles  of  17  and  45 
aV  boron  are  shown  in  Fig.  5(a)  and  5(b)  respectively.  It  is  seen  that 
sncentration  profiles  vary  with  implant  direction.  The  prol  le  labeled^^was 
btained  by  Implanting  into  a  wafer  previously  amorphlzed  by  Si  or  Ge  ion 
nplantatlon.  These  profiles  do  not  have  a  channeling  tall.  The  ones  labeled 
y^are  implanted  along  [lOOj  axis  for  45  keV  and  (210)  plane  for  17  keV. 
hey  have  larger  tails  than  the  so  called  "random"  implantation. 

V.  DISCUSSION  AND  SUMMARY 

We  have  carried  out  an  analysis  of  direct  channeling  during  boron 
.mplantation  in  silicon  and  made  some  predictions  about  which  directions  will 
{ive  less  direct  channeling.  It  should  be  pointed  out  that  the  implantation 
lirections  predicted  for  the  least  channeling  probability  are  different  from 
:hose  used  in  Industry  fabrication  of  devices.  However,  most  often  the  exact 
Implant  direction  in  an  industrial  process  is  not  known.  We  have  made  ion 
Implantation  in  Si  along  well  controlled  directions  and  have  measured  the 
resulting  boron  concentration  profiles.  There  are  two  cutoff  conditions  for 
•limlnatlng  the  high  index  planes-(i)  via  the  reference  angle,  and  (ii)  that 
:he  interplanar  spacing  be  smaller  than  2  x  (screening  radius  +  one  dimensinal 
iherraal  vibration  amplitude).  The  number  of  planes  included  on  the  map  will 
lepend  on  the  incident  ion  energy  only  in  the  first  case;  however,  by  com- 
jining  both  conditions,  we  can  select  the  common  area  on  the  map  corresponding 
to  9  =5“  -  6°  and  “7®  ±0.5®  for  10  50  keV  boron  implantation  into  (100) 

silicon  crystal,  where  0  is  tilt  angle  from  (lOOJ  axis  and  is  rotation  angle 
from  (100)  plane.  It  is  observed  that  the  relative  magnitude  of  the  tails  in 


III.  EXPERIMENT 


The  substrates  used  were  4  to  11  -ftcm  (100)  n-type  2  inch  silicon 
wafers.  The  silicon  crystals  were  accurately  aligned  with  backscattering  of 
700  keV  ^He^  as  outlined  In  ref.  (7J,  using  a  2-axis  goniometer  (tilt  and 
rotation).  Since  the  (lOOJ  surface  normal  of  the  wafer  Is  not  colllnear  with 
the  axis  of  rotation  due  to  the  offset  of  the  real  surface  from  the  (100) 
crystal  plane,  the  Implant  direction  (0  and  (j;)  with  respect  to  the  crystal 
axis  frame  of  reference  has  been  transformed  to  the  rotational  axis  frame  of 
reference  as  described  in  Appendix  A.  After  careful  alignment,  17  and  45  keV 
boron  Ions  to  doses  of  5  x  10^^  and  1  x  10^^  cm  ^  respectively  were  Implanted 
along  various  directions  as  specified  in  Fig. 4c  and  d  at  room  temperature.  We 
have  also  implanted  boron  into  the  preamorphized  silicon  wafers  as  a 
reference.  SI  Ions  with  an  energy  of  150  keV  and  a  dose  of  2  x  10  cm”'^ 

were  first  implanted  into  the  silicon  crystals  at  liquid  nitrogen  temperature 
and  then  the  45  keV  boron  Ions  were  Implanted  at  room  temperature.  The  pre- 

amorphlzatlon  of  the  silicon  crystal  for  17  keV  boron  implantations  was  done 

+  15  ~2 

by  150  keV  Ge  Implantation  at  room  temperature  to  a  dose  of  1  x  10  cm 

The  boron  beam  was  elect rostactlcally  scanned  by  two  sets  of  parallel  plates 

across  the  wafer  surface.  The  parallel  scan  avoids  angular  variations  during 

the  implantation  and  the  beam  divergence  is  estimated  to  be  less  than  0.2°. 

The  samples  were  unannealed  and  boron  concentration  profiles  were  obtained 

using  a  CAMECA  IMS  3F  secondary  ion  mass  spectrometer  (SIMS).  The  primary 

sputtering  beam  was  02^  with  ~  10.5  keV  impact  energy  and  ~  3000  nA  primary 

current  for  45  keV  boron  concentration  profiles,  and  with  ~  5.5  keV  impact 

energy  and  ~  550nA  primary  current  for  17  keV  boron  concentration  profiles. 

The  conversion  of  time  to  depth  scales  was  done  by  measuring  the  sputter 
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Che  InCerplanar  spacing  of  0.42  A  is  smaller  Chan  2  x  (screening  radius  +  one 
dimensional  Chermal  vlbraclon  ampllcude).  In  Che  case  ac  hand  Che  screening 
radius  Is  ~0.15  A  and  Che  Chermal  vlbraclon  ampllcude  aC  room  CemperaCure  is 
~0.075  A.  Therefore,  only  planes  wlch  dp  >  0.45  A  can  accomodace  planar 
channeling. 

CrysCal  planes  were  chosen  for  inclusion  on  Che  map  according  Co  Che 
above  assumpClon  and  are  shown  In  Fig.  3.  The  ochers  which  are  marked  by  an 
ascerlsk  In  Table  1  are  considered  as  random  equlvalenc  planes.  The 
Inceresclng  area  of  Che  sCereogram  Is  limlced  wichin  8  ~  10“  and  ~  45“ , 
since  larger  die  angles  are  unaccepCable  from  a  pracCical  poinc  of  view  due 
Co  mask  shadowing  effeecs.  A  scralghc  line  approxlmaclon  for  Che  greac  circle 
of  Fig.  3  has  been  used  for  small  angles  (6  ~  10“ ).  The  resulcing  unshaded 
areas,  which  are  specified  by  black  bars  in  Fig.  4,  were  obcalned  for  boron 
ions  inco  Si  cryscal  ac  4  differenc  energies  according  Co  Che  above 
assumpclons.  Ic  is  interesting  to  notice  that  for  45  keV  there  are  four  black 
areas  corresponding  Co  low  channeling  probability,  at  10  keV  there  is  one,  and 
at  5  keV  there  Is  none.  It  is  seen  Chat  there  exists  a  common  area  located 
near  the  {100}  plane  for  energies  In  the  range  10  to  50  keV.  Within  this  area 
Che  most  favorable  ImplantaCion  direction  should  be  Cowards  a  larger  9  rather 
Chan  at  Che  center  of  Che  area  in  order  to  minimize  the  scattering  "feed  in" 
into  the  {001]  channel. 

Four  differenc  ImplantaCion  directions  specified  by  numbers  in  Fig.  4(c) 
and  (d)  were  selected  for  17  and  45  keV  boron  implantation  into  silicon  in 
order  to  find  the  dependence  of  the  channeling  effect  on  implant  directions. 
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The  reference  angle  is  defined  with  reference  to  Fig.  2  as 

d  -  2p 

®ref  ”  (“d - ^ 

row 

where  p  Is  the  one  dimensional  thermal  vibration  amplitude  and  the  atomic 
s.jaclng  under  consideration,  is  related  to  the  atomic  density  of  target, 

N,  by 


“row  ■ 

The  atom  locations  in  Fig.  2  are  shown  as  fixed  at  the  corner  of  squares  with 
sides  equal  to  d^^^  in  Che  atom  plane  under  consideration  and  the  volume  per 
atom  is  equal  to  dp  x  d 

For  very  high  Index  planes  the  classical  critical  angle  for  planar 
channeling  (ipp)  can  be  larger  Chan  the  reference  angle  and  we  will  regard 
these  planes  as  random  equivalent  planes.  This  assumption  is  based  on  the 
following  considerations.  The  classical  critical  angle  does  not  adequately 
describe  Che  physical  situation  when  the  incident  angle  Is  larger  than  the 
reference  angle.  For  Instance,  when  the  incident  angle  is  between  Yp  and  ®ref 
(paCh^ln  Fig.  2),  the  Ion  can  be  considered  to  be  dechanneled  by  a  binary 
collision.  The  definite  channeling  occurs  only  when  the  incident  angle  is 
smaller  than  (path^in  Fig.  2).  But  is  extremely  small  for  high 

index  planes  (e.g.  ~.15“  for  {722}),  which  planes  will  not  play  a  significant 
role  in  planar  channeling  compared  with  low  index  planes  and  can  be  ignored 
for  mapping.  The  cutoff  condition  (<|)p  >  Sj-gf)  for  excluding  planes  on  the  map 
corresponds  to  a  situation  where  there  are  more  chan  13  planes  within  the 
lattice  constant  of  silicon  (~5.431  A).  It  seems  quite  reasonable  that  the 
cutoff  planes  (dp  <  0.42  A)  will  have  a  high  dechanneling  probability  since 
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and 


d  -  S  (✓  d  (2) 

P  P  o 


where  d^  is  the  lattice  constant  and  S- ,  S_  the  multiplicative  constants  which 
o  ^  P 

are  equal  to  1  for  a  cubic  structure.  For  the  diamond  structure  they  are 
respectively  given  by 


and 


1  if  h  +  k  +  i  is  odd 
I  1/2  if  h,  k  and  i  are  all  odd 
1/2  if  h  +  k  -<■  i  is  even 


1/2  if  h  +  k  +  i  is  even 

S  *  {  3/4  If  h,  k  and  I  are  all  odd 
P 

1/4  otherwise 


(3) 


(4) 


Since  the  interatomic  and  interplanar  spacings  for  all  odd  integers  of  h.  k 
and  I  are  not  equally  spaced  but  have  (1/4,  3/4)  combination,  for 
interatomic  spacing  has  been  averaged  for  axial  channeling  and  Sp  for 
Interplanar  spacing  has  been  assigned  by  3/4  for  which  the  planar  channeling 
assumes  to  be  dominant  compared  to  1/4  spacing. 

Table  1  shows  the  calculated  critical  angles  for  boron  ions  into  a  Si 
crystal  for  different  energies.  Very  high  index  planes  should  not  be  Included 
in  the  map  since  the  channeling  effect  vanishes  for  sufficiently  high  indices. 
We  have  derived  a  criterion  by  which  high  order  axes  and  planes  will  be 
excluded  from  the  map.  We  rule  out  planes  yielding  a  classically  calculated 
critical  angle  for  channeling  which  is  larger  chan  a  crystal  lattice  related 
reference  angle.  The  definition  of  this  reference  angle  and  the  Justification 
for  applying  Che  rule  will  be  given  in  the  following. 


we  aim  at  Is  one  where  the  probabilities  for  channeling  can  be  compared  for 
different  implant  directions  simply  by  visual  inspection  of  the  map.  We  have 
chosen  to  map  Implant  direction  relative  to  crystallographic  directions  in 
stereographic  cepresentatlon.  Crystal  axes  and  planes  are  placed  onto  this 
map.  Each  axis  and  plane  will  be  surrounded  by  an  area  corresponding  to  the 
critical  angle  for  channeling.  When  Che  representation  of  an  Implant 
direction  falls  within  these  areas,  the  channeling  probability  for  that 
situation  is  significant. 

We  have  chosen  a  stereographic  projection  to  represent  crystallographic 
directions  onto  a  two  dimensional  surface.  One  arrives  at  this  image  by  first 
representing  each  direction  as  a  vector  from  the  center  of  a  sphere  to  its 
surface.  The  vector  endpoints  on  Che  sphere  are  then  projected  onto  a  plane 
cutting  the  sphere  in  two  equal  halves.  The  points  in  this  plane  are 
representations  of  crystallographic  axes,  and  the  locus  of  a  great  circle 
through  Che  points  will  represent  a  crystal  plane.  Because  of  the  symmetry  of 
Che  cubic  structure  with  respect  Co  the  (001]  direction,  all  variations  will 
be  described  in  one  eighth  (0  ■  0‘*'-90° ,  \j»  »  0*~45®)  of  the  whole  area. 

In  order  to  find  areas  on  the  stereogram  where  Che  incident  ions  might  be 
well  channeled,  the  critical  angles  for  axial  and  planar  ion  channeling  were 
plotted  as  shown  in  Fig.  1.  The  shaded  portions  of  Che  figure  represent  areas 
of  high  channeling  probability;  i.e.  the  unshaded  areas  represent  the  incident 
directions  along  which  the  channeling  probability  might  be  greatly  reduced. 

The  critical  angles  of  boron  ions  were  calculated  according  to  Llndhard[2j 
together  with  the  suggestion  for  the  ’’critical  approach  distances”  by  Morgan 
and  Van  Vliet[3].  These  calculations  make  use  of  the  interatomic  spacing 
along  a  row,  d^^,  and  the  Interplanar  spacing,  d^.  For  an  axis  or  plane  with 
the  Miller  index  (h,  k,  t)  and  a  cubic  structure,  these  are  given  by: 


In  order  to  minimize  unintentional  channeling;  but  they  did  not  consider  the 
effect  of  rotation  angle.  Liu  and  01dham[4]  carried  out  a  similar  procedure 
where  the  substrate  was  tilted  8®  with  respect  to  the  25  keV  boron  Ion  beam 
direction  and  rotated  8®  or  0®  away  from  the  (100)  plane.  Wllson[5]  also 
followed  a  similar  procedure.  In  that  case  the  (100)  SI  wafer  was  tilted  7  ~ 
8®  with  respect  to  the  surface  normal  and  then  rotated  so  that  the  beam 
direction  made  an  angle  of  18®  with  respect  to  the  (100)  plane  which 
incidentally  is  very  close  to  the  (310)  plane  (18.5®)  as  shown  In  Fig.  3. 
Another  approach  which  is  commonly  used  to  minimize  the  channeling  effect  Is 
to  tilt  the  substrate  ~  1°  from  the  normal  incidence,  leaving  the  precise 
rotation  angle  arbitrary. 

In  this  paper  we  approach  the  problem  by  mapping  major  crystalline  axes 
and  planes  near  the  surface  normal  of -a  (100)  cut  crystal.  This  procedure 
will  help  us  in  selecting  the  optimum  Implant  direction  for  minimizing  ion 
channeling.  Experiments  have  been  carried  out  by  implantation  along  several 
specific  directions.  Impurity  concentration  profiles  are  qualitatively 
compared  to  our  analytical  predictions. 

II.  ANALYTICAL  TREATMENT;  MAPS  OF  CRYSTAL  DIRECTIONS 

In  this  section  we  will  derive  a  map  of  crystallographic  directions  which 
will  be  the  basis  for  selecting  optimum  implantation  directions  in  order  to 
minimize  channeling.  We  have  applied  the  criterion  that  the  implantation 
direction  should  not  be  too  far  off  the  surface  normal.  This  requirement 
would  also  have  to  be  applied  in  a  practical  implantation  situation  to 
minimize  the  shadowing  effect  and  lateral  spread  at  oxide  window  steps.  In 
this  treatment,  we  have  chosen  10®  as  a  maximum  allowed  tilt.  The  kind  of  map 
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I.  INTRODUCTION 


Ion  implantation  is  one  of  the  roost  important  processes  in  impurity 
doping.  This  is  because  ion  implantation  can  precisely  control  both  the 
dopant  concentrations  and  the  dopant's  depth  distribution.  With  the  trend 
towards  reduced  device  dimensions  to  the  micrometer  or  submicrometer  range , 
shallow  Junction  technology  for  complementary  metal-oxide-semlconductor  (CMOS) 
and  bipolar  junction  transistors  (BJT)  has  recently  emerged  as  an  Important 
area  for  VLSI  development. 

The  formation  of  tails  in  Implant  dopant  profiles  has  been  known  as  one 
of  the  major  problems  for  shallow  junctions,  especially  for  p'*'/n  junctions  in 
p-MOS  devices  in  which  boron  ions  are  the  acceptor  of  choice.  Blood,  et  al. 

( 1 1  have  shown  that  the  tail  in  Implanted  profiles  in  crystalline  targets  is 
mainly  due  to  atoms  which  are  scattered  into  channels  rather  than  an 
interstitial  diffusion  mechanism  at  the  Implantation  temperature.  Since  low 
ion  energies  have  to  be  applied  for  shallow  junction  devices  and  the  critical 
angle  for  ion  channeling  Increases  with  decreasing  incident  energy  of  the 
ion8[2l ,  channeling  tails  become  a  major  problem  for  shallow  junction  device 
fabrication.  The  problem  is  more  significant  for  light  ion  Implantation  such 
as  boron  in  Si  due  to  the  fact  that  light  ions  are  not  effective  in  making  the 
target  crystal  amorphous,  which  for  heavier  ions  will  reduce  the  effect  of 
channeling. 

Several  attempts  have  been  made  to  avoid  channeling  in  single  crystal 
silicon  targets  by  implanting  along  crystallographic  directions  away  from  the 
major  planes  and  axes.  Wilson,  et  al.[31  suggested  that  the  substrate  must  be 
oriented  so  that  the  nearest  low  index  crystallographic  direction  is  at  least 
twice  the  classical  critical  angle  for  channeling  away  from  the  beam  direction 
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ABSTRACT 

Ion  Implantation  Is  one  of  the  most  important  processes  in  semiconductor 
device  fabrication.  Due  to  the  crystalline  nature  of  SI,  channeling  of 
Implanted  Ions  occurs  during  this  process.  Modern  devices  become  smaller  and 
shallower  and  therefore  require  Ion  implantation  at  lower  energies.  The 
effect  of  channeling  on  Ion  Implantation  becomes  a  significant  problem  for  low 
energy  ion  implantation.  The  critical  angle  for  axial  and  planar  channeling 
Increases  with  decreasing  energy.  This  corresponds  to  an  increased  prob¬ 
ability  for  channeling  with  lowering  of  ion  energy.  The  industry  approach  to 
avoid  the  channeling  problem  is  to  employ  a  tilt  angle  of  7°  between  the  ion 
implantation  direction  and  the  surface  normal.  We  approach  the  problem  by 
mapping  major  crystalline  axes  and  planes  near  the  [100]  surface  normal.  Our 
analysis  Indicates  that  a  7"  tilt  Is  not  an  optimum  selection  In  channeling 
reduction.  Tilt  angles  in  the  range  5*  to  6*  combined  with  7®  ±  0.5®  rotation 
from  the  (100)  plane  are  better  selections  for  the  reduction  of  the  channeling 
effect.  The  range  of  suitable  angles  Is  a  function  of  the  implantation 
energy.  Implantations  of  boron  along  well  specified  crystallographic 
directions  have  been  carried  out  by  careful  alignment  and  the  resulting  boron 
profiles  measured  by  SIMS. 
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TABLE  4.  Treatment  Schedule  for  XTEM  Samples  Investigated  (25*  oxygen  content 
02'*'  ion-implanted  sample) 


Process 

■’’Sample 

I2OOOC 
40  sec 

02’’’*  1150°C 

10  sec 

Oxide 

Comment 

(*5) 

• 

T"^ 

Columar  grain  structure 
emanating  from  buried 
interface  to  surface 

2 

(311) 

- 

yes 

Totally  amorphous  without  any 
notice  of  lattice  damage 

3 

(3AI) 

- 

yes  ">  yes 

T- 

Fine  grain  microstructure 

+  25*  O2  content  in  02'*’  ion- implanted  sample 

++  sample  1  to  sample  3  contains  35.0nm-thickness  thermal -grown  silicon 
dioxide 

*  02^  energy(kev)  dose  amount(cm‘^) 

140  8.5455E16 

100  8.3925E15 

60  3.1885E15 

25  1.3108E15 
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TABLE  3.  Treatment  Schedule  for  XTEM  Samples  Investigated  (5%  oxygen  content 
O2*  Ion-implanted  sample) 


Process 

■‘’Sample 

1200°C 
40  sec 

02** 

1150°C 

10  sec 

Oxide 

Comment 

,1 

(*5) 

• 

* 

T‘‘^ 

Columar  grain  structure 
emanating  from  buried 
interface  to  surface 

2 

(111) 

- 

yes 

- 

T^ 

Amorphous 

3 

(lAl) 

yes  - 

>  yes 

T'‘^ 

Longer  grains  near  SIPOS-Si 
interface,  decreasing  in  size 
from  substrate  to  surface 

(h) 

- 

- 

- 

Finer  columar  grains 

5 

(611) 

- 

yes 

- 

+  5%  O2  content  in  ion- implanted  sample 

++  sample  1  to  sample  3  contains  35.0nm-thickness  thermal-grown  oxide  and 
sample  4  to  sample  5  contains  1.0  to  l.Snm-thickness  nature  oxide 


*  O2'’’  energy  (kev)  dose  amount  (cm*^) 

140  1.71E16 

100  1.68E15 

60  6.38E15 

25  2.62E15 


[NOTE] 

410nffl-th1ckness  polysilicon  deposited  by  LPCVD  method  was  onto 
80nm-thickness  thernally-grown  Si02  which  grew  on  the  CZ-grown  n-type  Si 
substrates.  The  sheet  resistance  Re  is  220  ohm/a  for  polysilicon  which  is 
ion-implanted  with  lE+16  cm"^  As^  at  lOOkev,  and  activated  by  rapid  thermal 
annealing  at  1150°C  for  10  sec.  Comparatively, -Rj  is  90  ohm/f,  for  the  single 
crystal  which  is  ion-implanted  with  lE+lScm"*^  As"^  at  lOOkev  and  then  15  sec 
exposure  at  1150°C.  (Powell,  R.  and  Chow,  R.,J.  Electrcchem.  Soc., 
132(1),  194  (1985) 


TABLE  2 


SIPOS  (30t  oxygen  content) 


Process 

■^Sample 

1200®C 
40  sec 

As'*’  lEiecm'^ 
170kev  25°C 

1150°C 

10  sec 

Comment 

1 

- 

- 

- 

« 

As  deposited,  totally  amor¬ 
phous 

2 

yes 

A  fine  175  A  grain  structure 
of  SIPOS  with  some  notice  of 
larger  grains  existing  at 
the  Si02-SIP0S  intterface 

3 

• 

yes 

Appears  as  deposited  with  no 
resemblence  of  lattice 
damage 

4 

yes 

— >  yes 

The  top  one  third  of  the 

SIPOS  layer  was  amorphized. 
The  lower  two  thirds  remin¬ 
ed  crystalline. 

5 

- 

yes  "> 

yes 

A  very  fine  50  A  grain  struc¬ 
ture  existed 

6 

yes 

— >  yes  — > 

yes 

from  the  SiOj-SIPOS  inter¬ 
face  to  the  upper  third  of 
SIPOS,  the  structure  consis¬ 
ted  of  a  mixture  of  fine  and 
large  175  A  grains.  The  up¬ 
per  third  consisted  only  of 
the  fine  grains. 

7 

- 

yes  — > 

*• 

yes 

The  grain  structure  appears 

as  the  above  sample.  The 
smaller  grain  size  may  sug¬ 
gest  that  the  dopants  have 
some  influence  on  grain 
growth  and  nucleation 


+  ♦ 


Table  1. 


SIPOS  (lot  oxgen  content) 


Process 

■‘’Sample 

1200°C 
40  sec 

As"*”  lE16cra'^ 
170kev  25°C 

1150°C 

10  sec 

Coirment 

1 

As  deposited,  totally  amorp¬ 
hous,  confirmed  by  selected 
area  diffraction 

2 

yes 

0 

Textured  250  A  grains  with 
a  tendency  for  the  larger 
grains  to  appear  at  the 

Si02  interface. 

3 

- 

yes 

- 

Appears  as  deposited,  with  no 
notice  of  any  1  at  ice  damage 

4 

yes  - 

->  yes 

After  the  implantation  the 
upper  third  of  the  SIPOS  was 
amorphsized,  while  the 
remainder  was  undamaged 

5 

- 

yes  — > 

yes 

Fine  grain  size  on  the  order 
of  125  A 

6 

yes  - 

->  yes  "> 

yes 

Mixture  of  fine  and  large 

250  A  grains  appearing  from 
the  upper  one-third  of  SIPOS. 
From  the  surface  to  the  upper 
one-third  of  SIPOS,  only 
small  grains  exist. 

7 

yes  — > 

* 

yes 

The  grains  structure  is  as 
above.  The  smaller  grains 
in  the  upper  third  may  be 
due  to  the  dopants  influence 
on  nucleation  and  growth. 

Thermal  oxide,  furance  grown  H2  +  O2  (3.5  kA) 
at  1200°C  for  40  sec 


[NOTE] 

ihe  increased  oxygen  content  of  the  30t  SIPCS  produced  the  snal'e'^  grains 
relative  to  the  lOt,  even  though  the  identical  processes  produced  like 
morphologies. 


the  profiles  are  in  agreement  with  our  predictions.  This  indicates  that 
direct  channeling  may  play  a  role  in  the  magnitude  of  the  tail.  However,  it 
is  also  observed  for  all  implantations  into  single  crystals  that  the  tails  are 
substantially  larger  than  for  implantations  into  amorphous  material.  This 
means  that  the  scattering  “feed  in”  process  is  quite  important.  Ions  can  get 
scattered  into  channels  and  thus  penetrate  deeply  into  the  crystal.  This 
latter  effect  cannot  totally  be  removed  by  alignment  of  the  crystal  targets 
for  low  energy  ion  implantation.  Our  predictions  are  that  these  effects  also 
will  be  more  severe  for  lower  implant  energies. 
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APPENDIX  A.  SAMPLE  ALIGNMENT  PROCEDURE 


The  target  geometry  associated  with  [100]  crystallographic  axis,  ion  beam 
direction  and  the  rotation  axis  is  shown  in  Fig.  6.  Since  the  implant 
directions  as  shown  in  Fig.  4c  and  d  are  related  to  the  crystallographic  axis 
frame  of  reference  and  the  tilted  angle  6"  and  rotational  angle  t|)"  are 
related  to  the  rotational  frame  of  reference,  the  implant  direction  (0,  ij;) 
with  respect  to  the  crystal  frame  of  reference  have  to  be  transformed  into  the 
rotational  frame  of  reference  (0",  i|)")  as  shown  in  Fig.  7.  The  real 
rotational  frame  (l.e.  X  Y"  and  Z"  coordinate)  can  be  transformed  by  6- 
rotation  with  respect  to  Z  axis  followed  by  0-rotatlon  with  respect  to  Y'  axis 
and  the  conventional  transformation  matrix  can  be  applied  such  that 

sin  0’’  cos  /cos  0  cos  6  cos  0  sin  5 

sin  8''  sin  '(»'*  J  *  I  -sin  6  cos  6 

cos  0''  /  \sin  0  cos  6  sin  0  sin  6 

In  order  to  determine  5  and  0,  the  wafer  was  tiled  by  6°  from  the  roughly 
estimated  surface  normal  and  rotated  up  to  360**  with  measuring  the  back- 

4  + 

scattered  yield  by  1  increment.  The  8  minimum  yields  of  backscattered  He 
are  corresponding  to  well-defined  planar  minima  and  plotted  on  polar  coordi¬ 
nate  graph  paper  as  shown  in  Fig.  8.  Since  the  incident  ions  are  more  well 
channeled  along  the  (110)  plane  than  along  the  (100)  plane  for  the  diamond 
structure,  it  is  easy  to  identify  which  plane  is  (100)  or  (110).  The  line  AA' 
through  the  center  of  the  polar  diagram  and  the  point  of  cross  section  of  4 
planar  lines  can  be  made  and  the  5-angle  is  measured  counterclockwlsely  from 


(100)  surface  line.  The  fine  tuning  to  find  the  exact  [001]  position  is  the 
next  step  by  varying  only  the  tilt  angle  6  by  0.1“  increment  along  the  line 
AA'  and  6^  is  assigned  to  the  [001]  axis  position.  The  next  step  is  180“ 
rotation  from  the  point  A,  and  then  the  same  procedure  for  finding  [001]  axis 
position  is  followed,  and  62  assigned  to  another  [001]  axis  position. 

Since  the  rotation  axis  must  lie  between  6^^  and  62,  the  angle  3  can  be 
determined  by  the  following  formula: 

0  *  I  (01  +  62)  -02  ’  i  ‘  02^ 

With  d  and  0  values,  the  ion  implant  direction  (0  and  \|^)  associated  with  (x, 
y,  Z)  coordinate  can  be  transformed  by  Eq.  (A-1)  into  the  real  rotational 
frame  of  reference  (0''  and  associated  with  the  goniometer  manipulation. 
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TABLE  1 


Calculated  Critical  Angles  for  Boron  Ion  Into  Silicon 


Ene  rgy  (keV ) 

■■■■■ 

Miller  Index 

5 

10 

20 

50 

100 

axial 

5.63 

4.90 

4.27 

3.47 

2.86 

100 

planar 

6.68 

4.73 

3.34 

2.11 
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Figure  1 

A  map  over  Implant  directions  in  stereographic  representation  showing 
construction  of  shaded  areas  by  applying  the  axial  and  planar  critical 
angles.  The  unshaded  ares,  and  (^represent  directions  for  which  the 

channeling  probabilities  are  less  than  for  ions  Incident  on  shaded  areas 

Figure  2 

The  geometrical  definition  of  the  reference  angle,  9  ref  ,  where  p  is  the 
one  dimensional  thermal  vibration  amplitude  and  dp  the  interplanar 
spacing  and  d^^^  Che  atomic  spacing.  The  ion  beam  with  incident  angle 
less  than  (path^)  might  be  well  channeled  between  the  planes,  but 

the  ions  with  angles  between  the  planar  critical  angle  (ij^p)  and  ®ref 
(path^)  might  be  dechanneled  from  a -binary  collision  point  of  view  or 
be  channeled  via  a  critical  angle  concept. 

Figure  3 

The  remaining  planes  with  0  ■  10°  and  i|»  “  45°  which  affect  boron  ion 
channeling  into  silicon.  The  straight  line  approximation  for  a  great 
circle  is  used,  since  the  interesting  areas  of  the  stereogram  are  limited 


by  small  tilt  angle. 


Figure  4 

"Random  directions"  (black  bars)  to  avoid  channeling  during  boron  ion 
implantation  into  silicon  crystal  at  different  energies;  (a)  5  keV  b'*’ 
case,  where  no  "random  directions"  can  be  found;  (b)  10  keV  case,  where 
one  area  (4.6®  <  9  <  5.8®,  4.5®  <  '?  <  8®  is  obtained;  (c)  20  keV  case, 
where  three  "random  areas"  (4®  <  0  <  6.5®,  4®  <  \|)  <  9® ,  4®  <9  <5.5®,  21® 
<  <  24®  and  4®  <  9  <  5.5®,  33®  <  S'  <  40®)  are  shown.  Three  Implant 

directions  (leveled  by  0  ,©and0)  are  chosen  for  17  keV  boron 
implantation,  where  0  represents  the  direction  along  (210)  plane  away 
from  [100]  axis  by  7®,  0  the  direction  with  9  ■  8®  ,  ij)  ■  8®  which  point 
is  located  outside  of  the  specified  black  bar,  and  0  the  suggested 
"random  direction"  is  given  by  9  •  6.5®,  i(i  ■  6®  ;  (d)  45  keV  case,  where 
four  possible  areas  can  be  obtained  within  9  ■  3.5  ~  6.5®  and  ip  *  4  ~ 

10®,  13  ~  17®,  21  ~  25®  and  33  ~  42®  respectively.  The  real  implant 
directions  for  45  keV  are  shown  by  ©,  ©,  and  ©,  which  are 

specified  in  Fig.  5(b). 

Figure  5 

SIMS  depth  profiles  of  boron  implantation  into  silicon  at  various  tilt 

15  -2 

and  rotation  angles;  (a)  is  for  45  keV  to  a  dose  of  1  x  10  cm  , 

(b)  is  for  17  keV  to  a  dose  of  5  x  10^^  cm 

Figure  6 

Schematics  of  target  geometry  for  crystal  alignment.  The  angle  8  Is  the 
offset  angle  between  the  crystal  [100]  direction  and  the  rotation  axis  of 


goniometer 


Figure  7 

Relationship  between  coordinates  of  crystal  axes  and  goniometer.  The 
order  of  rotations  is  6  with  respect  to  Z  axis  and  3  with  respect  to  Y' 
axis.  The  angle  3  is  the  same  as  that  in  Fig.  6. 

Figure  8 

Polar  diagram  for  determination  of  6  and  3.  The  circle  is  associated 
with  roughly  6®  tilt  from  the  surface  normal.  By  rotating  with  1* 
increment  and  measuring  the  backscattered  yields  of  He"*",  the  eight  minima 
and  type  of  planes  are  identified.  S  is  the  angle  from  (100)  plane  to 
the  line  of  AA'.  Fine  tuning  along  A  ♦  A'  by  0.1“  variation  gives  the 
exact  position  of  1 100)  axis,  followed  by  180“  rotation  from  A  to  A' 
position  and  fine  tuning  again.  This  gives  another  (100)  axis  position, 
and  Che  average  value  of  two  different  1 100]  positions  is  the  exact 
position  of  the  rotation  axis  of  the  goniometer. 
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sed  Laser  Annealing  of  Implants 

The  samples  for  pulse  laser  annealing  experiments  were  implanted  with 
keV  BF2''‘  ions  to  a  dose  of  1.0  x  10^^  cm"2,  or  with  a  low-energy  dc  glow 
scharge  BF3+  ions,  and  annealed  with  single  pulses  of  an  excimer  laser  (x 
0.308  ym,  T  =  50  ns).  The  BF2'''  implanted  specimens  contained  a  800  K 
ick  band  of  amorphous  layer  followed  by  a  150  X  wide  band  of  dislocation 
ops.  After  irradiation  with  a  1.1  J  cm~^,  "defect-free"  regions  were 
irmed  with  no  amorphous  layer  and/or  dislocation.  Similarly  a  "complete" 
mealing  for  amorphous  layer  and  dislocation  loops  were  observed  after  a 
4  J  cm“2  pulse. 

The  SIMS  results  on  boron  and  fluorine  concentration  profiles,  before 
id  after  laser  annealing  of  1.0  x  10^^  cm'^  specimens,  are  shown  in  Figs. 

3  and  11,  respectively.  The  as-implanted  profile  is  Gaussian  with  a  peak 
round  400  X.  After  laser  annealing,  the  profile  broadens  considerably 
Dth  toward  the  surface  and  into  the  deeper  regions  of  the  crystals.  From 
ie  dopant  profile  broadening,  the  dopant  diffusion  coefficients  were 
xtracted,  which  were  found  to  be  consistent  with  the  diffusion  coefficient 
f  boron  in  liquid  silicon.  The  amount  of  broadening  increases  with 
ncreasing  pulse  energy  density  because  larger  times  for  dopant  diffusion 
re  available.  The  peak  in  the  fluorine  concentration  shifts  slightly 
oward  the  surface  after  laser  annealing.  It  is  interesting  to  note  that 
luorine  distribution  profile  does  not  broaden  after  laser  annealing,  which 
s  similar  to  the  results  obtained  after  rapid  thermal  annealing.  The 
ntegrated  amount  of  fluorine  was  found  to  be  95%  and  40%  of  the  as- 
nplanted  value  after  1.1  and  1.4  J  cm“2  laser  pulses,  respectively, 
igure  12  shows  fluorine  distribution  profiles  from  glow-discharge 
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teresting  to  note  that  unlike  boron  distribution  profiles,  the  fluorine 
stribution  profiles  do  not  exhibit  broadening  with  increase  in  time  or 
mperature  of  annealing. 

The  SIMS  results  on  boron  distribution  profiles  from  1.0  x  10l5  cm"2 
tplants  are  shown  in  Fig.  8.  The  as-implanted  profile  of  boron  is  Gaussian 
ith  a  peak  around  400  &.  After  rapid  thermal  annealing  treatments,  the 
iussian  profile  broadens  both  toward  the  surface  and  into  the  deeper  regions 
F  the  crystal.  The  depth  distribution  profiles  after  1050®C/5s  and 
Q00°C/10s  annealing  treatments  were  found  to  be  almost  identical.  Further 
ncrease  in  time  and  temperature  resulted  in  more  broadening  of  the  profile, 
he  amount  of  broadening  was  found  to  be  the  same  for  similar  annealing 
reatments  of  6,0  x  10^^  and  1.0  x  10^^  cm“2  specimens.  The  fluorine  con- 
entration  profiles  from  companion  specimens  before  and  after  rapid  thermal 
nnealing  treatments  are  shown  in  Fig.  9.  The  fluorine  profile  in  as- 
mplanted  specimens  is  Gaussian  with  a  peak  around  400  After  the  rapid 
hermal  annealing,  the  peak  in  the  fluorine  concentration  appears  at  a 
lepth  of  660  ^  with  a  knee  around  400  K  depth  corresponding  to  the  as- 
mplanted  peak.  The  peak  concentration  is  higher  than  the  implanted  peak 
:oncentration,  indicating  segregation  of  fluorine  at  the  dislocations, 
ifter  1050®C/10s  and  1100'*C/6s  annealing  treatments,  the  peak  concentration 
lecreases  and  the  knee  at  400  K  depth  is  eliminated.  The  concentration  of 
'luorine  remaining  was  found  to  be  60,  40,  and  36%  of  the  as-implanted  con- 
lentration  after  1050®C/5s,  1050°C/10s,  and  1100'‘C/6s  annealing  treatments, 
•especti vely.  Similar  to  the  results  shown  in  Fig.  7,  no  broadening  in  the 
'luorine  distribution  profile  is  observed  after  the  above  annealing  treat- 


lents. 
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he  segregation  of  fluorine  at  the  dislocation  is  clearly  delineated  in 
ig.  5.  The  average  size  of  the  bubbles  was  determined  to  be  50  K  and  they 
ire  seen  to  be  associated  with  the  dislocations  (as  indicated  by  an  arrow). 

ilMS  Results  on  Boron  and  Fluorine  Distributions 

Figure  6  shows  boron  concentration  profiles  before  and  after  rapid 
:hermal  annealing  treatment  of  (100)  Si  specimens  implanted  with  6.0  x  lO^-^ 
JF2‘*‘  ions  cm"2.  The  as-implanted  specimens  contain  a  Gaussian  profile  with 
a  peak  around  400  After  thermal  annealing  treatments,  the  profiles 
spread  toward  the  surface  and  into  the  deeper  regions  of  the  material.  The 
dopant  profiles  after  1000®C/10s  and  1050“C/5s  annealing  treatments  were 
found  to  be  almost  identical.  As  the  time  or  temperature  of  annealing  is 
increased,  the  amount  of  spreading  increases.  The  average  profile 
broadening  is  less  than  500  K  even  after  llOO^C/Ss  annealing  treatment. 

The  amount  of  boron  integrated  over  depth  remains  approximately  the  same 
after  the  various  annealing  treatments.  The  results  on  fluorine  distribu¬ 
tion  profiles  from  the  specimens  of  Fig.  6,  are  shown  in  Fig.  7.  The  as- 
implanted  fluorine  profile  is  Gaussian  with  a  peak  around  400  X.  After 
rapid  thermal  annealing  treatments,  the  peak  in  the  fluorine  concentration 
is  observed  at  a  depth  of  about  600  which  corresponds  to  the  band  of 
dislocation  loops,  as  shown  in  Fig.  3.  These  results  show  that  the 
fluorine  is  gettered  by  the  dislocations,  which  is  in  agreement  with  the 
TEM  results  shown  in  Fig.  5.  It  is  interesting  to  note  that  fluorine  is 
removed  significantly  from  the  regions,  which  are  free  from  the  extended 
defects  such  as  dislocations.  After  the  1050°C/5s  annealing  treatment  76% 
of  the  fluorine  is  retained.  These  percentages  drop  to  33  and  31%  after 
1050“C/10s  and  1100®C/6s  annealing  treatments,  respectively.  It  is 
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dose  of  1.0  X  10^^  cm"2.  The  as-implanted  specimens  (Fig.  2a)  contained  a 
120  X  thick  amorphous  layer  followed  by  defect  clusters  and  dislocation  loops. 
After  annealing  treatment  at  1050*C  for  5  seconds  {1050®C/5s),  the 
amorphous  layer  has  grown  "defect-free"  and  dislocation  loops  are  observed 
below  the  original  amorphous  layer  (Fig.  2b).  It  is  interesting  to  note 
that  some  loops  appear  in  the  much  deeper  regions  (up  to  400  X  depth)  com¬ 
pared  to  the  depth  (120  X)  of  the  original  amorphous-crystalline  interface. 
After  annealing  at  llOO^C  for  10  seconds,  the  dislocation  loop  density 
decreases  considerably,  almost  to  a  negligible  value  (Fig.  2c).  The 
results  from  specimens  implanted  with  50  keV  BF2''‘  ions  to  a  dose  of  6.0  x 
1014  cm"2,  are  given  in  Fig.  3.  The  as-implanted  specimens  contained  a  440  X 
thick  amorphous  layer  followed  by  a  160  X  wide  band  of  defect  clusters  and 
dislocation  loops.  The  microstructures  after  different  annealing  treatments 
are  shown  in  Fig.  3(b)  Cl000®C/10s],  Fig.  3(c)  Cl050®C/5s3,  and  Fig.  3(d) 
Cl050®C/10s].  In  each  case,  the  amorphous  layer  has  grown  epitaxially 
creating  a  region  free  from  visible  defects  leaving  a  residual  band  of 
dislocation  loops  centered  at  a  depth 'v 600  X. 

The  annealing  results  from  specimens  implanted  with  50  keV  BF2'''  ions  to 
a  dose  of  1.0  x  10l5  cm"2,  are  shown  in  Fig.  4.  The  as-implanted  specimens 
contained  a  500  X  thick  amorphous  layer  followed  by  160  X  wide  band  of 
defect  clusters  and  dislocation  loops.  After  1000®C/10s  and  1100®C/3s 
annealing  treatments,  the  results  are  shown  in  Fig.  4(b)  and  4(c),  respec¬ 
tively.  The  amorphous  layer  has  grown  epitaxially  creating  virtually  a 
defect-free  zone.  The  specimens  contain  a  band  of  dislocation  loops  cen¬ 
tered  around  600  X  depth.  Figure  5  is  a  plan-view  micrograph  from  speci¬ 
mens  shown  in  Fig.  4(c),  containing  dislocation  tangles  at  a  depth  of  660  X. 


electron  microscopy  studies  were  made  using  a  Philips  EM-400  electron 
microscope.  Boron  and  fluorine  concentration  profiles  were  measured  by 
secondary  ion  mass  spectrometry  (SIMS)  techniques  using  O2*  primary  ion 
beam.  The  depths  were  calibrated  using  the  Dektak  surface  profilometer. 

RESULTS  AND  DISCUSSION 

A  50  keV  BF2'‘’  ion,  within  a  few  angstrom  of  penetration,  presumably 
breaks  into  one  11.2  keV  B'*’  and  two  19.4  keV  F“  ions.  Figure  1  shows  damage 
energy  deposited  as  a  function  of  depth  for  11  keV  B'*'  and  19  keV  F-  ions. 

The  damage  peak  occurs  around  120  K,  the  projected  range  is  431  and  411  X 
for  11  keV  B'*'  and  19  keV  F"  ions,  respectively.  It  is  interesting  to  note 
that  out  of  the  11  keV  total  energy  for  B'*’  ions  5.8  keV  (53%)  goes  into 
producing  damage,  whereas  12.2  keV  out  of  the  19  keV  total  energy  for  F" 
ions  (64%)  ultimately  results  in  the  damage  production.  The  damage  pro¬ 
duced  by  F"  ions  is  almost  twice  that  produced  by  B'*’  ions  and  it  occurs 
approximately  in  the  same  depth  range.  It  has  been  shown  that  boron  ion 
implantation  at  room  temperature  normally  leads  to  the  formation  of  dislo¬ 
cation  loops.  At  room  temperature  the  dynamic  annealing  as  a  result  of 
vacancy-interstitial  recombination  during  boron  ion  implantation  prevents 
damaged  regions  from  attaining  6.0  x  1023  eV/cm^  which  is  the  critical 
damage  energy  for  amorphization.  In  the  case  of  BF2'*‘  implants,  the  damaged 
regions  are  able  to  attain  the  critical  damage  energy  for  amorphization 
even  during  implantation  at  room  temperature.  Therefore,  the  ion  implanted 
layers  are  amorphous  followed  by  a  band  of  dislocation  loops. 

Figure  2  shows  cross-section  TEM  micrographs  before  and  after  rapid  ther 
mal  annealing  treatment  of  (100)  Si  specimens  implanted  with  BF2‘''  ions  to  a 
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Silicon  single  crystals  (having  <100>  orientations,  2-6  n-cm,  n-type, 
Cz-grown)  were  implanted  with  50  keV  BF2'*’  ions  to  a  dose  ranging  from  1.0  x 
10^^  to  1.0  X  lO^®  cm"2.  Some  of  the  samples  were  implanted  with  BFs'^  ions 
using  dc  (1  kV)  glow  discharge.  The  as-implanted  samples  were  annealed 
using  either  the  HEATPULSE  or  a  graphite  strip  heater  system  for  times  5  to 
20  seconds  in  the  temperature  range  1050  to  1200“C.  The  specimen  heating 
chamber  of  the  HEATPULSE  system  consists  of  upper  and  lower  banks  of  high- 
intensity,  quartz-tungsten-halogen  lamps  enclosed  by  water-cooled  reflec¬ 
tive  walls.  A  quartz  diffuser  plate  is  placed  next  to  each  bank  to  ensure 
uniform  heating  of  the  specimens  that  are  placed  equidistant  between  the 
upper  and  lower  light  sources.  The  heating  and  cooling  rates  of  the  speci¬ 
mens  were  estimated  to  be  about  100®C/sec.  The  annealing  results  from  the 
HEATPULSE  system  were  compared  with  those  obtained  from  a  graphite  strip 
heater  where  the  heating  and  cooling  rates  are  about  IZO^C/sec.  The  times 
and  temperatures  quoted  for  the  heat  treatments  are  those  of  the  heating 
chamber  or  the  graphite  strip.  It  was  determined  that  there  is  a  time  lag 
in  heating  between  the  specimens  and  the  heating  chamber,  which  varied  from 
2  (at  1100®C)  to  4  (at  1000®C)  seconds.  Some  of  the  ion- implanted  speci¬ 
mens  were  annealed  using  a  pulsed  excimer  laser  (X  =  0.308  ym,  t  =  50  x 
10"9  seconds).  The  ion  implantation  specimens,  before  and  after  the 
annealing  treatments,  were  studied  by  cross-section  and  plan-view  electron 
microscopy.  The  specimens  for  cross-section  electron  microscopy  were  pre¬ 
pared  by  an  ion  thinning  procedure,  whereas  the  specimens  for  plan-view 
electron  microscopy  were  prepared  by  a  chemical  polishing  technique.  The 
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therefore,  amorphization  can  be  attained.  The  molecular  ions  split,  in  the 
vicinity  of  the  surface,  into  atomic  species  having  the  same  velocity  as 
the  molecule.  This  results  in  low  energy  ions  that  create  shallow  implants 
with  a  thin  amorphous  layer  near  the  surface.  For  example,  a  50  keV  BF2''' 
ion  breaks  into  one  11.2  keV  B+  and  two  19.4  keV  F'*'  ions.  Thus,  a  50  keV 
B"’’  ion  has  approximately  five  times  higher  projected  range  compared  to  the 
50  keV  BF2''’  ions.  It  should  be  pointed  out  that  boron  fluoride  implants 
are  more  economical  because  they  are  directly  available  from  the  ion  sour¬ 
ces  and,  therefore,  do  not  require  expensive  mass  separation  in  the  acce¬ 
lerator. 

The- anneali ng  of  thin  amorphous  layers  having  good  electrical  properties 
and  minimum  dopant  profile  broadening  is  desired  in  order  to  form  shallow 
junctions.  The  shallow  junctions  are  particularly  required  for  very-large- 
scale-integrated  (VLSI)  circuit  devices.  Using  conventional  processing  in 
a  furnace,  considerable  dopant  profile  broadening  occurs  including  the  for¬ 
mation  of  undesirable  defects  in  the  substrate  as  a  result  of  prolonged 
heating. 

In  this  paper,  we  present  results  of  a  systematic  investigation  of 
rapid  thermal  annealing  (RTA)  of  BF2''’  and  BF3'''  implanted,  amorphous 
layers  in  which  case  good  electrical  characteristics  along  with  minimum 
dopant  profile  broadening  are  obtained.  These  results  are  comparejd  with 
those  obtained  using  pulsed  laser  irradiation.  The  RTA  involves  solid- 
phase  crystallization  while  the  pulsed  laser  annealing  occurs  in  liquid 
phase.  Attention  is  focussed  to  the  retention  and  gettering  of  fluorine  in 
annealed  samples. 
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INTRODUCTION 

Ion  implantation  is  now  a  well-established  method  of  doping  semiconduc¬ 
tors.  However,  the  displacement  damage  produced  by  energetic  ions  must  be 
removed  to  recover  electrical  activation  of  dopants  and  mobility  of 

carriers.^  The  displacement  damage  created  by  the  ions  is  usually  in  the 

2  3 

form  of  amorphous  layers  or  dislocation  loops.  ’  During  subsequent  heating 
to  remove  the  displacement  damage,  the  amorphous  layers  can  be  annealed  by 
the  solid-phase-epitaxial  (SPE)  growth  process;  and  the  dislocation  loops 

3 

anneal  out  by  conservative  climb  and  glide  processes.  It  has  been  shown 
that  SPE  growth  of  amorphous  layers  results  in  much  more  efficient  removal 
of  ion  implantation  damage  compared  to  the  annealing  of  dislocation  loops. 
Above  a  certain  loop  number  density,  if  the  separation  between  the  two 
loops  is  less  than  the  diameter  of  the- larger  loop,  the  loops  coalesce  to 
form  yet  larger  loops,  which  may  frequently  lead  to  the  formation  of  a  cross¬ 
grid  of  dislocations.  Therefore,  one  of  the  goals  during  ion  implantation 
is  to  create  an  amorphous  layer  which  can  be  annealed  by  SPE  growth  at 
relatively  low  temperatures.  For  a  p-type  doping,  ion  implantation  with  a 
common  dopant  such  as  boron  results  in  the  formation  of  only  dislocation 
loops  at  room  temperature.  It  is  believed  that  light  ions  such  as  boron 
are  not  able  to  deposit  critical  damage  energy  density  needed  for  amorphiza- 
tion^  (6.0  X  1023  eV/cm3),  after  normal  implant  doses.  In  these  cases, 
interstitials  and  vacancies  created  by  ion  implantation  cluster  to  form 
dislocation  loops.  In  this  state,  it  is  more  difficult  to  achieve  effi¬ 
cient  removal  of  damage  and  to  attain  good  carrier  concentration  and  mobi¬ 
lity.  Using  molecular  ions  such  as  BF2'*'  for  ion  implantation,  more  damage 
energy  is  deposited  by  the  F+  ions  over  the  same  range  as  the  B+  ions  and. 
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ABSTRACT 

Characteristics  of  rapid  thermal  and  pulsed  laser  annealing  have  been 
investigated  in  boron  fluoride  (BF2*  and  BF3*)  implanted  silicon  using 
cross-section  and  plan-view  electron  microscopy.  The  amorphous  layers 
recrystallize  by  the  solid-phase-epitaxial  growth  process,  while  the  dislo¬ 
cation  loops  below  the  amorphous  layers  coarsen  and  evolve  into  a  network 
of  dislocations.  The  dislocations  in  this  band  getter  fluorine  and 
fluorine  bubbles  associated  with  dislocations  are  frequently  observed.  The 
secondary-ion  mass  spectrometry  techniques  were  used  to  study  concomitant 
boron  and  fluorine  redistributions.  The  as-implanted  Gaussian  boron  pro¬ 
file  broadens  as  a  function  of  time  arrd  temperature  of  annealing.  However, 
the  fluorine  concentration  peak  is  observed  to  be  associated  with  disloca¬ 
tion  band  and  the  peak  grows  with  increasing  time  and  temperature  of 
annealing.  The  electrical  properties  were  investigated  using  Van  der  Pauw 
measurements.  The  electrical  activation  of  better  than  90%  and  good  Hall 
mobility  were  observed  in  specimens  with  less  than  500  8  dopant-profile 
broadening.  In  pulsed  laser  annealed  specimens,  the  boron  profile  broadens 
both  toward  the  surface  and  into  the  deeper  regions  of  the  crystal. 

However,  the  fluorine  concentration  profile  exhibits  a  decrease  in  peak 
concentration  with  only  a  limited  broadening. 
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implanted  specimens.  Using  the  50  keV,  2.0  x  10l6  cm“2  implant  profile  as 
a  standard,  the  as-implanted  fluorine  concentration  was  estimated  to  be  1.0 
X  10l5  cm“2.  After  1.4,  1.6,  and  3.6  J  cm"2  laser  pulses,  the  residual 
concentration  of  fluorine  was  determined  to  be  16,  11,  and  5%,  respectively. 
From  boron  concentration  profiles,  the  depth  of  melting  after  1.6  and  3.6  J 
cm"2  laser  pulses  was  estimated  to  be  3000  and  7000  A,  respectively.  It 
is  interesting  to  note  that  the  proximity  of  fluorine  concentration  peak  to 
the  surface  leads  to  more  efficient  removal  of  fluorine  from  the  laser 
annealed  specimens. 

Table  I  summarizes  electrical  properties  (resistivity,  mobility,  and 
carrier  concentration)  obtained  using  Van  der  Pauw  measurements.  By  RTA 
treatments  up  to  95%  electrical  activation  with  less  than  500  A  dopant  pro¬ 
file  broadening  can  be  obtained...  The  mobility  is  only  slightly  lower  than 
that  achieved  by  pulsed  laser  annealing.  The  pulsed  laser  annealing  leads 
to  100%  electrical  activation  of  dopants.  The  presence  of  dislocations 
near  the  junction  in  the  RTA  samples  adversely  affects  the  electrical  pro¬ 
perties.  However,  such  defects  are  removed  by  pulsed  laser  annealing 
leading  to  improved  electrical  properties. 

DISCUSSION  AND  CONCLUDING  REMARKS 

During  rapid  thermal  annealing,  the  amorphous  layers  anneal  by  a  solid- 
phase-epitaxial  growth  process  and  the  underlying  dislocation  bands  either 
coarsen  to  form  a  cross-grid  of  dislocations  or  the  isolated  oislocation 
loops  anneal  by  a  bulk  diffusion  process.  The  interface  kinetics  during 
SPE  growth  can  be  expressed  in  terms  of  interface  velocity  V  =  Vq  exp 
where  pre-expontenti al  factor  Vq[100]  =  2.5  x  lO^  A  s"l  is  about  24  times 
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faster  than  VoClll],  and  'Eact'  is  the  activation  energy  of  the  order  of 
2.8  eV.  Olson  et  al.^^  have  measured  SPE  growth  rates,  using  time-resolved 
reflectivity  techniques,  in  boron  and  fluorine  ion  implanted  amorphous 
layers  and  compared  these  results  with  self- ion  'implanted  silicon  speci¬ 
mens.  In  <100>  specimens,  Vq  and  Ea  were  determined  to  be  2.59  ±  0.05  eV 
and  5.35  x  108  cm  s“l,  3.06  ±  0.05  eV  and  4.35  x  lO^  cm  s“l,  and  2.68  ± 

0.05  and  3.07  x  108  cm  S“l,  in  boron-,  fluorine-,  and  silicon-ion  implanted 
specimens,  respectively.  The  presence  of  boron  enhances  the  interface 
velocity,  whereas  fluorine  decreases  the  SPE  growth.  At  550®C,  the  inter¬ 
face  velocity  in  boron-doped  samples  was  about  six  times  faster  than  the 
intrinsic  (self-ion  implants)  growth  rate,  whereas  in  fluorine-doped  spe¬ 
cimens  the  velocity  was  about  15  times  slower  than  the  intrinsic  growth 
rate.  At  1050®C,  the  interface  velocity  in  boron-,  fluorine-,  and  self-ion 
implanted  specimens  was  found  to  be  7.3  x  10-2,  2.2  x  10-3,  and  1.9  x  10-2 
cm  s-1,  respectively.^^  The  SPE  growth  of  a  1000  K  thick  layer  is 
completed  within  a  few  milliseconds.  The  remaining  time  of  the  order  of  a 
few  seconds  is  utilized  to  remove  trapped  defects  and  fluorine  in  the  SPE 
grown  layers  and  dislocation  loops  in  the  underlying  dislocation  band. 

The  annealing  behavior  of  dislocation  loops  in  the  underlying  bands  is 
critically  determined  by  the  average  loop  size  and  number  density.  If  the 
separation  between  the  two  loops  is  less  than  the  diameter  of  the  larger 
loop,  the  two  loops  would  coalesce.  The  continued  coalescence  of  disloca¬ 
tion  loops  results  in  the  formation  of  large  loops  and  eventually  a 
cross-grid  of  dislocations. 

The  boron  distribution  profiles  have  been  studied  as  a  function  of 
annealing  treatments.  The  observed  boron  profiles  have  been  fitted  using 
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numerical  calculations  with  '.tn'  as  a  fitting  parameter,  where  'D'  is  the 
diffusion  coefficient  and  ‘tp'  is  a  net  time  of  annealing.  The  values  of 
'tn'  were  determined  by  requiring  internal  consistency  in  the  amount  of 
spreading  and  the  diffusion  coefficient  at  various  temperatures  of 
annealing.  These  calculations  assumed  initial  Gaussian  profile  and  allowed 
for  spreading  with  various  'Dtn'  values.  From  the  best  fit,  we  extracted 
the  value  of  activation  energy  for  diffusion  as  2.0  ±  0.2  eV,  which  is 
about  a  factor  of  two  lower  than  the  value  for  boron  in  silicon  under 
equilibrium  diffusion  conditions  (3.5  eV).^^  A  similar  decrease  in  activa¬ 
tion  energy  was  observed  in  Sb'*’  implanted  and  SPE  grown  specimens  of  sili- 

12 

con  during  subsequent  furnace  annealing.  The  lower  activation  energy  is 

responsible  for  enhancement  in  diffusivity  during  rapid  thermal  annealing. 

The  enhancement  cannot  be  due  to' the  increased  concentration  of 
13 

dopants  because  it  should  not  reduce  the  activation  energy.  Moreover,  in 

the  above  concentration  range,  the  enhancement  in  diffusivity  is  estimated 

13 

to  be  less  than  a  factor  of  5.  It  is  interesting  to  note  that  the  dif¬ 
fusion  enhancement  factor  in  boron-implanted  specimens  (where  there  is  no 
amorphous  layer)  is  about  an  order  of  magnitude  less,  indicating  the  role 
of  trapped  defects  in  the  SPE  grown  layers. 

The  dislocations  in  the  underlying  bands  provide  effective  gettering 
agents  for  fluorine  in  BF2'*‘  implanted  and  furnace-annealed  silicon  speci¬ 
mens.  Previous  studies  had  indicated  the  segregation  peaks  near  the  damaged 
14 

regions.  The  association  of  fluorine  with  the  dislocations  is  clearly 
demonstrated  by  TEM  results  that  are  consistent  with  SIMS  studies.  The 
dislocations,  via  electronic  and  elastic  interactions,  attract  fluorine  and 
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provide  a  convenient  lattice  site.  A  continued  segregation  leads  to 
clustering  and  void  formation.  Fluorine  is  known  to  attach  itself  to  unsa¬ 
tisfied  bonds  of  silicon  and  thus  reduce  the  number  of  dangling  bands. 

This  characteristic  of  fluorine  reduces  the  electrical  activation  of  dislo¬ 
cations.  As  a  result,  the  dislocations  do  not  act  as  effective  trapping 
and  recombination  centers  and  do  not  produce  deterimental  effects  on 
carrier  concentration  and  mobility.  Fluorine  concentration  in  laser 

annealed  specimens  decreases  while  the  peak  shifts  toward  the  surface. 

15 

These  results  of  present  studies  are  consistent  with  earlier  results. 

The  peak  shift  toward  the  surface  is  probably  related  to  the  segregation 
coefficient  of  fluorine  in  the  liquid  during  solidification. 

It  was  found  to  be  most  interesting  that  while  boron  concentration  pro¬ 
file  spreads  into  the  deeper  regions  of  the  crystal,  the  fluorine  concen¬ 
tration  profile  does  not  spread  and  it  moves  toward  the  surface  in  laser 
annealed  specimens.  The  fluorine  tends  to  diffuse  out  of  the  heated  or 
molten  layer  of  silicon.  The  results  presented  in  this  paper  show  that 
amorphous  layers  created  by  BF2''‘  implants  can  be  annealed  by  SPE  growth. 

The  interstitials  below  the  amorphous  layers  cluster  to  form  large  disloca¬ 
tion  loops  and  tangles  that  getter  fluorine.  The  boron  is  electrically 
activated  despite  the  presence  of  fluorine.  The  electrical  properties  of 
RTA  annealed  semiconductor  layers  are  found  to  be  much  superior  to  those 
conventionally  furnace-annealt-  specimens.  The  broadening  of  dopant  profi¬ 
les  can  be  precisely  controlled  within  500  S,  while  achieving  superior 
electrical  properties.  The  dislocation  tangles  below  the  original 
amorphous  layer  can  be  removed  by  pulsed  laser  melting  below  the  defective 


amorphous  layer  can  be  removed  by  pulsed  laser  melting  below  the  defective 
region.  In  this  case  crystal  growth  occurs  in  liquid-phase  in  such  a  way 
that  the  underlying  defect-free  substrate  acts  as  a  seed  for  crystal 
growth. 
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TABLE  I.  Electrical  properties  of  rapid  thermally  annealed  and  pulsed 
laser  annealed  specimens. 


Implanted 
(cm"2)  Dose 

Carrier 

Concentration, 

Nc 

Hall  Mobility 
VH 

Resistivity 

(p) 

Rapid  Thermal 
Annealing  Treatment 

3.0  X  10l5 

2.8  X  10l5 

31.0 

47.9 

1050®C/15T* 

3.0  X  10l5 

2.1  X  10l5 

41.0 

48.6 

1050‘’C/10T 

LN2  Implants 

3.0  X  10l5 

2.0  X  10l5 

42.0 

50.3 

1050*C/10T 

3.0  X  10l5 

1 

2.1  X  1015 

40.0 

49.5 

1050‘’C/15T 

RT  Implants 

3.0  X  10l5 

3.0  X  1015 

34.0 

40.0 

Pulsed  Laser  Annealed 
1.4  J  cm-2  (X  =  0.308 
urn,  T  =  50  ns) 

*  9 

'T'  refers  to  total  time  of  current  flow  in  the  graphite  strip  heater. 
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FIGURE  CAPTIONS 

Fig.  1.  Damage  energy  deposited  as  a  function  of  depth  for  11  keV  HB'*’  and 
19  keV  19f+  ions. 

Fig.  2.  Cross-section  TEM  micrographs  from  (100)  Si  specimens:  (a)  as- 
implanted  50  keV  BF2‘*'  ions,  dose  *  1.0  x  lOl^  cm-2;  (b)  after 
annealing  at  1050®C  for  5  seconds;  and  (c)  after  annealing  at  1100®C 
for  10  seconds. 

Fig.  3.  Cross-section  TEM  micrographs  from  (100)  Si  specimens:  (a)  as-implanted 
50  keV  BF2‘‘'  ions,  dose  6.0  x  lOl^  cm-2;  (b)  after  1000®C/10s  annealing 
treatment;  and  (c)  1050‘’C/5s  annealing  treatment. 

Fig.  4.  Cross-section  TEM  micrographs  from  (100)  Si  specimens:  '(a)  as-implanted 
50  keV  BF2‘*‘  ions,  dose  1.0  x  10^^  cm"^;  (b)  after  1000®C/10s;  and  (c) 
1100®C/3s  annealing  treatments. 

Fig.  5.  Plan-view  TEM  micrograph  from  the  specimen  show  in  Fig.  4(c).  The 
presence  of  fluorine  bubbles  at  the  dislocations  is  clearly 
deliniated  (for  example,  see  bubble  indicated  by  the  arrow). 

Fig.  6.  Boron  concentration  profiles  before  and  after  RTA  treatments  in 
specimens  implanted  with  6.0  x  lOl^  cm-2  BF2'''  ions. 

Fig.  7.  Fluorine  concentration  profiles  before  and  after  RTA  treatments  in 
specimens  implanted  with  6.0  x  lOl^  cm"2  BF2'''  ions.  The  fluorine 
peak  in  the  annealed  specimens  corresponds  to  the  band  of  dislocations 
shown  in  Fig.  3. 


Fig.  8.  Boron  concentration  profiles  before  and  after  RTA  treatments  in 
specimens  implanted  with  1.0  x  10^5  cm“2  BF2'’'  ions. 

Fig.  9.  Fluorine  concentration  profiles  before  and  after  RTA  treatments  in 
specimens  implanted  with  1.0  x  lO^^  cm"2  bF2‘'‘  ions.  The  fluorine 
peak  in  the  annealed  specimens  corresponds  to  the  band  of  dislocations 
shown  in  Fig.  4. 

Fig.  10.  Boron  concentration  profiles  before  and  after  pulsed  laser  (x  =  0.308 
urn,  T  =  50  ns)  annealing. 

Fig.  11.  Fluorine  concentration  profile  before  and  after  pulsed  laser  annealing 
from  companion  specimens  of  Fig.  10. 

Fig.  12.  Fluorine  concentration  profiles  from  glow-discharge  (1  kV,  dc)  primarily 
BF3'*’  implanted  specimens  before  and  after  pulsed  laser  (x  =  0.308  ym, 

T  =  50  ns)  annealing.  The  profile  from  2  x  10l5  p+  cni“2  ('x.so  kV, 

1.0  X  10l5  BF2'''  cm"2)  specimens  was  used  as  a  standard  to  calcu¬ 
late  the  fluorine  concentrations  in  glow-discharge  implants. 


Fig.  4 
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Electrical,  Structural  and  Chemical  Analysis 
of  p-n  Junctions  Formed  by  BF.  Implantation 
and  Rapid  Thermal  Annealing  *  ^ 

J.J.  2  Wortman^,  W.  Maszara^,  D.K. 
Sadana^''^,  and  G.A.  Rozgonyi^'^, 

1.  North  Carolina  State  University,  Raleigh, 
NC  27650;  2.  Microelectronics  Center  of 

North  Carolina,  Post  Office  Box  12889, 
Research  Triangle  Park,  NC  27709 

Diodes  have  been  fabricated  to  study  the 
electrical  properties  of  p-n  junctions 
formed  using  rapid  thermal  annealing  (RTA) 
procedures.  The  starting  material 

was  10-20  ohm-cm,  CZ,  n-type  (100)  silicon. 
The  junctions  were  formed  by  implanting 
BF,  at  50  )ceV  to  a  dose  of  IC^  cm 

Following  the  implant,  the  samples  were 
either  annealed  by  RTA  at  IDOO^C  for  10 
seconds,  or  furnace  pre-annealed  at  SSO^C 
for  30  minutes  followed  by  the  same  RTA 
cycle.  Figure  1  is  a  graph  of  the  sheet 
resistance  as  a  function  of  RTA  temperature 
(all  for  10  seconds)  as  measured  by  a  four 
point  probe.  As  can  be  seen  in  Fig.  1,  an 
RTA  temperature  of  950*C  for  10  seconds  is 
sufficient  to  almost  fully  activate  (>95%) 
the  implanted  boron.  The  junction  lealcage 
current  was  found  to  be  highly  dependent  on 
the  RTA  temperature.  Figure  2  is  a  plot  of 
the  leakage  current  as  a  function  of 
temperature.  As  shown  in  Fig,  2,  the 
reverse  leakage  current  is  lower  for  the 
lower  anneal  temperatures  (  950*0.  .This 
was  not  expected  since  the  higher 
temperatures  (-1100*0  are  needed  to  anneal 
out  extended  defects.  A  pre-anneal  of  550*C 
for  30  minutes  before  RTA  was  found  to 
significantly  enhance  the  junction 
properties  for  all  RTA  temperatures  above 
950*C  as  shown  in  Fig.  2. 


Fig.  1;  Sheet  resistance  as  a  function  of 
RTA  temperature  for  a  10  second  anneal. 

Cross-sectional  transmission  electron 
microscopy  (XTEM)  of  the  unannealed  sample 
did  not  show  any  visible  damage  (Fig.  not 


included)  in  the  entire  implanted  region. 
Indicating  that  individual  damage  zones  were 
dynamically  annealed  during  implantation. 
The  XTEM  results  from  direct  RTA  and  550*C 
furnace  plus  RTA  are  shown  in  Fig.  3. 
Although  both  samples  showed  a  layer  of 
scattered  dislocation  loops  (250A 
diameter)  below  the  surface,  there  were 
subtle  differences  in  the  nature  and 
distribution  of  secondary  defects  in  the 
two  cases.  For  example,  the  directly 
annealed  sample  showed  loops  located  at  a 
mean  depth  of  ~  llOOA,  whereas  in  the  two 
step  annealed  sample,  the  loops  were  within 
65 OA  from  the  surface.  Furthermore,  a 
band  of  small  clusters  was  alpo  super¬ 
imposed  in  the  depth  range  O-IOOOA  over  the 
loops  in  the  latter  case.  The  band  of 
small  clusters  (without  loops)  was  also 
observed  in  the  550 “C/ 30  minute  annealed 
sample  (not  shown) .  The  SIMS  profiles  of  B 
before  and  after  RTA  are  shown  in  Fig.  4.i 
The  enhanced  diffusion  of  B  observed  in  the 
RTA  case  is  typically  associated  with  the 
transient  point  defects  flux  available 
during  such  a  short  process. 


Fig.  2:  Leakage  current  as  a  function  of 
RTA  temperature  for  directly  annealed  and 
two  step  annealed  samples. 


Correlation  between  the  electrical 
measurements  such  as  the  leakage  current  in 
Fig.  2  and  XTEM  does  not  appear  to  be 
straightforward.  For  example,  in  the 
direct  RTA  sample,  the  sheet  resistance 
data  indicate  the  98%  of  B  is  electrically 
active  and  the  XTEM  results  show  fewer 
defects  in  the  implanted  region  as  compared 
with  the  two  step  annealed  sample.  However, 
the  leakage  current  data  is  not  consistent 
with  the  XTEM  results.  It  may  be  that  F  is 
playing  a  role  in  the  leakage  current 
measurements.  In  the  two  step  annealed 
samples,  perhaps  the  fine  clusters  represent 
trapped  F,  whereas  in  the  direct  RTA  sample, 
such  trapping  does  not  occur.  Further  work 
is  underway  to  obtain  depth  profiles  of  F 
and  electrical  carriers  in  the  two  cases. 
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Fig.  3;  XTEM  wealc-beam  micrographs  showing 
damage  distributions  in  (a)  direct  RTA  and 
(b)  550*C  furnace  plus  RTA  samples.  Note 

dislocation  loops  in  (b)  are  closer  to  the 
surface  than  (a) .  Arrow  points  to  the 
sample  surface. 
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Fig.  4:  Boron  concentration  as  a  function 
of  depth  before  and  after  RTA, 
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The  electrical  properties  of  shallow  junctions  fabricated  using  a  SO-keV  BFj  ion  implantation  into 
<  100)  n-Si  followed  by  rapid  thermal  annealing  (RTA)  have  been  investigated.  The  junction  depth 
was  0.2S  ^m.  Sheet  resistance  measurements  have  shown  that  annealing  at  9S0  *C  for  only  10  s 
results  in  approximately  90%  electrical  activation.  In  addition  this  annealing  cycle  gives  the 
optimum  leakage  current  The  leakage  current  density  obtained  was  1  (A/fiva^  (at  10>V  reverse 
bias  voltage,  for  2-4-/}  cm  n-type  substrate).  The  results  indicate  that  RTA  can  be  used  to  obtain 
reproducible  shallow  junctions  without  significantly  changing  the  implanted  profile. 


[linkage  in  physical  dimensions  of  semiconductor  de¬ 
squires  that  shallow  electrical  junctions  be  realized, 
gh  low-energy  implants  can  be  used  to  obtain  a  de- 
inction  depth,  dopant  redistribution  during  a  conven- 
umace  annealing  (900-950  *C.  30-60  min)  is  a  severe 
ion  to  obtaining  shallow  junctions.  A  very  promising 
chnique  to  overcome  this  difficulty  is  rapid  thermal 
ing  (RTA).  Previous  studies  have  been  reported  which 
Bvestigated  residual  strtictural  damage  (dislocation) 
iterial  properties  of  implanted  and  rapid  thermal  an- 
silicon.'-^ 

hese  studies  using  secondary  ion  mass  spectrometry 
I,  Rutherford  backscattering  channding,  transmis- 
sctron  microscopy  (TEM),  and  lap  and  stain  measure- 
echniques  have  shown  that  defect-fiee  (within  the  re- 
«  of  these  instruments  and  techniques)  fully  activated, 
allized  layers  can  be  obtained  by  RTA  of  implanted  Si 
It  significant  diffiiaioa  of  the  dopant  profile.  In  this 
he  electrica]  characteristics  of  BF]  implanted  and  rap- 
mal  annealed  silioon  have  been  investigated  and  t^ 
lity  of  this  technique  for  future  devices  is  analyzed 
he  point  of  view  of  electrical  performances, 
he  system  used  for  RTA  in  this  work  was  a  Heatpulse 
tungsten  halogen  lamp  heated  system.^  The  annoling 
rature/time  and  the  heating/cooling  rates  are  com- 
ontrolled. 

iodes  were  fabricated  to  evaluate  the  electrical  prop- 
>f  the  RTA  junctions.  Sheet  resistance  measurements 
lade  on  wafers  processed  in  the  same  batch.  Oifferent 
temperatures  and  heating/cooiing  rates  were  studied 
ide  a  comparison  of  the  variables  of  RTA.  The  recrys- 
tkm  rate  of  Silicon  is  known  to  be  very  fast  at  the  tem- 
re  used  for  activation  (i.e.,  on  the  order  of  millisec- 
The  possibility  of  obtaining  a  better  junction  with  a 
e  annealing  precrystallization  step  at  lower  tempera- 
iround  300  *C)  for  long  times  (30-^  min)  followed  by 
o  activate  the  implanted  dopants  was  also  investigat- 

n  outline  of  the  diode  process  is  given  in  the  following. 


The  wafers  used  are  ( 100)  2-4-/}  cm  CZ  n-type  silicon.  The 
wafers  were  first  cleaned  using  an  RCA  clean,  followed  by  a 
field  oxidation  in  steam  O;  for  30  min  at  1 100  *C,  to  obtain 
450-460  nm  of  oxide.  The  first  photolithographic  step  was 
applied  to  open  the  junction  windows.  Then  the  wafers  were 
implanted  with  BFj,  with  implant  parameters  of  50-keV  en¬ 
ergy  at  a  dose  of  10'^  cm~^.  The  wafers  were  given  an  RCA 
cleaning  step  and  then  annealed.  The  parameters  of  the  an¬ 
nealing  step  are  shown  in  Table  I.  Aluminum  was  used  to 
provide  electrical  contact,  which  was  patterned  with  a  sec¬ 
ond  photolithographic  step  and  then  sintered  for  10  min  at 
450  *C  in  6%  H2-94%  Nj  ambient  Junction  depth  was  0.25 
ftm.  The  junctions  were  rectangular  with  a  total  area  of  1250 
fim^. 

The  sheet  resistanoe  was  measured  with  a  four-point 
probe.  The  leakage  current  was  measured  with  a  HP  4145  A 
semiconductor  parameter  analyzer  at  a  reverse  bias  of  10  V. 

The  change  in  doping  profile  of  implanted  layers  after 
RTA  is  shown  in  Fig.  1.  Secondary  ion  mass  spectrometry 
(SIMS)  measurements  have  indicated  an  average  displace¬ 
ment  of  the  doping  profile  around  30  nm  and  the  jimction 
depth  is  still  less  than  0.3  ftm.  A  typical  variation  of  sheet 
resistance  with  the  RTA  temperature  is  shown  in  Fig.  2.  It 
can  be  seen  that  the  sheet  resistance  increases  for  armealing 
temperatures  less  than  900  *C.  Although  not  shown  in  Rg.  2, 
it  was  also  observed  that  the  recrystallization  at  550  *C  had 
no  effect  on  the  variation  of  sheet  resistance  with  annealing 
temperature. 


RTA  tcmperaiufc 

RTA  time  fC) 


w 

950 

1000 

1050 

1100 

1150 

10 

S,  F 

S.F 

S.F 

S.F 

S.F 

15 

S,  F 

S.  F 

S.F 

S,  F 

S.F 

S:  Slow  heatin|/coolin|  rale  |  ~ '  of  Anal  intensity). 

F:  Fast  hcating/coolini  rale  1 1 5%  s  '  of  Anal  intensity). 


TABLE  I.  RTA  parameteia. 
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pipe  diffused  quantity,  the  value  of  will  becoae  somewhat  smaller  than 
estlaaced-  The  dlacrepancy  beconea  note  significant  when  samples  with  lower 
dislocation  density  are  considered  In  such  an  estimate- 

CONCLOSIOHS 

Whether  it  is  routine  dopant  Implantation  (In  the  case  of  heavy  Ions)  or 
doping  proceeded  by  a  preamorphlzatlon  process,  the  resulting  amorphous  layer 
can  potentially  contain  nuclei  at  Its  Interface  with  crystalline  zones  which 
would  Initiate  the  growth  of  hairpin  dislocation  during  subsaquent  annealing 
process.  Mlsorlented  small  crystallltas  present  In  a/c  transition  region  have 
been  Identified  as  the  nuclei.  Roughness  of  this  region  due  to  Ion  straggling 
determines  the  danalty  of  hairpins  with  more  nonunlfomlty  leading  to  a  higher 
density.  Dynamic  annealing  occurring  due  to  Ion  beam  heating  causes 
coarsening  and  broadening  of  the  transition  region  thus  contributing  to  a 
further  Increase  of  the  hairpin  density.  Post-Implantation,  low  temperature 
annealing  or  beam  heating  of  the  a/c  Interface  by  a  secondary,  shallower 
Implantation  process  can  also  Induce  Increase  of  the  density.  A  pipe  dif¬ 
fusion  of  doping  Ions  along  the  dislocations  occurs  at  a  highly  accelerated 
rata  and  can  cause  a  significant  shift  of  the  dopant  concentration  profile 
toward  the  bulk  of  the  sample.  The  pipe  diffusion  coefficient,  D^,  for  boron 
diffusion  along  hairpin  dislocation  was  evaluated  to  be  about  10*  times 
higher  than  Its  bulk  value,  D^.  at  llS0*C. 
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Where:  *  bulk  diffusion  coefficient,  *  effective  diffusion  coeffi¬ 
cient  for  the  ssaple  with  high  concentration  or  dlslocstlons,  dR  >  strsggllng 
of  laplsnted  Ion  distribution.  We  csn  safely  neglect  dislocation  density  of 
the  first  saaiple  (Hj<10^)  and  consider  Its  D«D  .  For  Q-0.01  and  dR  -0.019  mb 
(BF,  leqilant  energy  wsa  42  keV,  9.5  keV  of  which  Is  shared  by  boron) 
0^/0^. -0.52.  Meaaurcasnc  at  Q^.OOl  produced  a-  result  within  2Z  of  the 
prevlMS  one. 


Fig.  7.  SIMS  profiles  of  B  In  Si'*'  preaawr^hlsed,  BF,  laplsnted,  RTA  1150*0/ 
lOs  annealpd  seaples  showing  different  densities  of  hairpin  dlslocstlons. 

Assualng  that  the  diffusion  coefficient  for  pipe  diffusion,  D^,  Is  nuch 
greater  then  bulk  diffusion  coefficient,  we  csn  neglect  any  flux  of  ions 

taking  place  beside  the  dislocation  pipes.  Therefore,  It  can  be  concluded 
froa  Flck's  first  law  for  directional  flow  of  the  point  defects  that  the 
effective  diffusion  coefficient,  as  calculated  froa  a  concentration 

profile  (SIMS  measureaent  represents  average  concentration  over  250  x  250  mo 
raster  area)  is  related  to  the  actual  pipe  diffusion  coefficient  as  follows: 

®d  "  °eff*^*d 

2 

Where:  A  -  unit  area  perpendicular  to  the  flux  (here  assuaed  equal  to  1  ca  ) , 
A  ff  -  cross  section  area  of  all  pipes  crossing  the  unit  area.  The  value  of 
the  radius  of  dislocation  pipe  was  assuswd  to  be  r^  -  .01  mb  after  ref. 
[20] .  It  Is  also  assuaed  that  the  dislocations  are  perpendicular  to  the 
saaple  surface  (actual  angle  between  the  hairpin  ara  and  the  surface  was 
evaluated  In  TEH  studies  to  be  about  70*).  Since  the  hairpin  conslys  of  two 
aras,  the  total  concentration  of  dislocation  pipes  Is  N.-5  x  lO^ca'^  and 
*d"**d*^^o^’  ***"‘^*  ®eff”*'^  *  result  Is,  of  course, 

only  approximate  and  If,  contrary  to  our  assuaptlon,  Che  mass  transported 
through  hulk  diffusion  process  Is  not  totally  negligible  with  respect  to  the 


Bassd  upon  cheae  obaervaclona  cha  following  model  for  nucleaclon  of  hairpin 
dlalocaclon  la  propoaed  (Fig-  6).  During  RTA,  the  advancing  and  recryaCalllz- 
Ing  a/e  growth  front  Incaraecta  a  aaull  Blaoriented  eryatalllte  In  the  a/c 
tranaltlon  region.  A  perfect  dlalocation  aegaent  la  fomed  at  the  interaec- 
tlon  to  accoamodate  the  niaorlentatioo.  Aa  the  eoablned  growth  front  con- 
tlnuea  to  aove,  the  dlalocation  aagawnt  wrapa  around  the  alaorlented  material 
to  fora  a  half  loop.  Aa  the  annealing  eontlnuea,  the  hairpin  araa  diverge 
alnce  the  growth  front  protrualon  of  mlaorlented  naterlal  ia  apreadlng  later¬ 
ally  aa  well  aa  vertically.  During  further  annealing  the  dlalocation  abortena 
ita  length  by  aovlng  toward  the  aurface  along  the  glide  cylinder  defined  by 
the  inclined  Burgera  vector  and  line  direction.  The  node!  clearly  Inpllea 
that  the  danalty  of  halrplna  la  related  to  availability  of  the  mlaorlented 
cryatallltea  within  a/c  tranaltlon  region,  l.e.,  the  narrower  and  aharper  the 
region,  the  leaner  are  the  chaneea  for  hairpin  nucleatlon. 


: 

as  implanted 


Fig.  6.  Scheawtie  diagram  llluatratlng  model  for  hairpin  nucleatlon  during 
RTA  (aae  teat  for  deacription).  The  hairpin  la  ahown  In  almoat  edge-on 
orientation. 


PIPE  DIFFUSION  ALONG  HAIRPINS 

Two  Si*  preamorphlaad  aamplea  with  identical  BF,  Implanta,  which  were  found 
to  have  algnif Icantly  different  denaltlea  of  halrplna,  have  boon  uaed  for 
boron  concentration  profile  examination  In  aecondary  ton  luaa  apectroacopy 
(SINS).  The  denaltlea  N,  were  <10^  and  about  2.5  x  10'cm~  .  A  boron  SIMS 
profile  of  the  aample  with  a  higher  denalty  of  halrplna,  annealed  via  RTA  at 
11S0*C  for  10  aeconda,  ahowa  a  algnif leant  ahift  toward  the  bulk  with  reapect 
to  the  profile  of  the  other  aample  (Fig.  7).  We  attribute  thla  ahift  to  the 
enhanced  dlffualon  along  the  defecta.  An  approximate  evaluation  of  dlffuaton 
coefficient,  0^,  of  boron  along  halrplna  baaed  upon  preliminary  experimental 
reaulta  la  given  below. 

Following  derlvatlona  by  Sedgwick  et  al.  (18)  and  Seidel  and  HacRae  [19] 
for  aaaumed  Gauaalan  dopant  denalty  the  ratio  of  dlffualon  coefflcienta  of  two 
aamplaa  annealed  In  Identical  condltlona  can  be  axpreaaed  In  teraa  of  profile 
ahlfta  AXj,  Ax^  between  the  aa  implanted  and  annealed  prof Ilea  for  each  sample 
at  some  fraction,  Q,  of  the  peak  concentration: 

D  4x,^+2Ax,4R  (21nl/Q)*''^ 

V  ^  I  i  P 

“eff  4x,^*24x,4R  (21nl/Q)‘^^ 

2  2  p 


Fig.  4.  TEM  BlcrogrAph  of  atllcon  aaorphlzod  with  St  at  nowlnal  rooa  tmpor- 
aturo  with  tha  aaaa  anarglaa  and  dosas  aa  aaaplaa  In  Fig.  2a,  (a)  bafora  and 
(b)  altar  rapid  tharaal  annaallng  at  9S0*C/10a.  d  -  haavy  daaMga  layar. 

HAItPIM  CEOtamT  AMD  ORIGIN 

Nora  datallad  InforBaelon  about  hairpin  gaoaacry  and  ita  origin  waa 
obtalnad  by  tilting  axparlaanta  on  plan-«law  and  croaa  aactlon  TEN  aawplaa. 
Tha  dlslocatlona  warn  found  to  ba  parfact  with  Burgara  vactor  b>a/2<101> 
incllnad  by  4S*  to  eha  <100>  aaaipla  aurfaca.  Obaarraelon  of  a  partially  SPE 
ragrowB  aaorphoua  layar  Indlcataa  that  tha  hairpin  tips  ara  locatad  In  tha 
ragloa  eorraapondlng  to  eha  eoaraa  a/e  eranaitlon  raglon  (Flga.  3  and  4).  Tha 
tranalclon  raglon  can  ba  qulta  broad.  High  raaolutlon  Isaglng  of  the  aaapla 
In  Fig.  2b  (Fig.  S)  rawaala  tha  praaanca  of  alaorlantad  eryatalUtaa 
aurrottnited  by  aMrphoua  aatarlal.  Tha  adaorlantatlon  la  thought  to  ba  a 
raault  of  atraaaaa  la  eha  trantieion  raglon  which  raaulc  fro*  tha  dlffaranca 
la  danalty  (17)  batwaaa  aaorphoua  and  crystalllna  allleon. 


Fig.  S.  Croaa-aacclonal ,  high 
nagnlf Icatlon  Inaga  of  tha  a/c 
tntarfaca  of  the  aaaipla  ahown  In 
Fig.  2b.  Hlcrocryatallltaa 
lobaddad  In  aaorphoua 
aurroundlnga  ahow  a  4* 
alaorlantatlon  relative  to  the 
aubatrata. 


cooled  SI  SMplo  taploncod  with  Si'*'  «C  300  koV,  1E16  ca~^  dooo.  Those 
eondlcloos  produce  •  burled  aaorphous  leyer  wlch  two  s/e  Incerfsces*  Noes 
chat  Che  s/c  Ineerfsee  closer  to  the  surfsce  appesrs  rougher  chan  Che  deeper 
oee  (Flf«  3a)  and  uas  obaervad  Co  ganerace  about  an  order  of  aagnitude  aore 
hairpins  after  RTA  chan  Che  latter  (Pig.  3b).  The  difference  is  probably 
associated  with  a  different  gradient  of  daaage  energy  density  at  the  depths 
corresponding  to  each  interface  (Pig.  3c).  The  steeper  Che  curve,  the  less 
spatial  straggle  at  the  aaarphMs^co-cryscalllne  threshold  sons  Hould  be 
aapectad.  A  preaaorphisaclon  under  sladlar  laplancatloo  conditions  with 
heavlar  ions  like  garasnlua  yields  sCaepar  dasnge  energy  density  curves, 
sharper  a/e  interfaces  and  fewer  hairpins  ^ter  RTA. 


Pig.  3.  (a)  Buried  aaorphous  Uayer 
after  single  300  keV,  lE16ea~^  Sl*^ 
iaplant  into  LN  cooled  Si  substrate, 
(b)  after  ETA,  9S0*C/10s,  annealing 
hairpin  dislocations  (h)  grow  froa 
each  a/c  interfaca  toward  the  aiddle 
of  ssMrphows  layer.  The  density  in 
the  upper  layer  is  about  one  order  of 
aagnitude  higher  than  in  the  lower 
one,  (e)  corresponding  daaage  energy 
density  curve  [16). 


C 

If  Che  ceaperature  of  the  substrate  during  laplancaclon  is  sufficiently 
high  CO  cause  the  diffusion  of  radiation  induced  defects,  part  of  the  daaaged 
area  ragrows.  This  so-called  dynaaic  regrowth  does  not  necesssrlly  reproduce 
Che  crystalline  structure  la  its  original  fora.  Instead,  a  highly  daaaged, 
alchou^  not  aaorphous,  transition  layer  develops  between  aaorphous  and 
cryscalliae  regions.  AaorphltaClon  aay  not  occur  at  all  If  the  heating  Is 
sufficient.  This  in  effect  overcoaes  the  residual  ion  straggling  nonunifoca- 
ity  of  a/c  interface  and  bacoaas  a  doalnaclng  factor  deterainlng  its  rough¬ 
ness.  figure  4  shows  cross  section  TEM  aicrograph  of  a  Si  aaaple  laplantsd 
with  SL  under  the  saas  conditions  as  the  sanle  of  Pig.  2a  (l.e.,  300  keV 
lE16ca~^,  130  keV  3E13ca~^,  70  keV  3El5ca~^),  but  at  RT.  The  surface 
aaorphous  layer  was  raduesd  froa  about  0.6  an  to  0.15  pa,  and  the  a/c 
interface  becaae  coarse  and  fragaented  (Fig.  4a).  The  RTA  at  950*C/10s 
produced  about  lO^cn'^  hairpins,  cvslusted  froa  TEM  observations  in  Fig.  4b. 


laplancad  ac  liquid  nltrogan  taaparature  (LN)  with  heat  conducting  silver 
paste  applied  betueen  the  back  of  the  wafer  and  a  cooled  saaple  holder.  Since 
the  taeperatuce  of  the  secondary  Inplant  was  the  only  paraaetar  different  for 
both  saaplast  beaa  heating  was  suspected  as  the  cause  of  the  Increase  In 
hairpin  density,  In  order  to  slaulate  heating  effects  during  8^2  laplan- 
tatlon,  SI  -preaaorphlsad  saaplea  ware  given  furnace  heat  treataencs 
(2S<^3SO*C  for  Ih)  In  Inert  ataospbere  prior  to  RTA.  There  was  no  appreciable 
lacreaae  of  hairpin  density  over  that  of  the  preaaorphlsed  sample  with  Ul  Bf2 
laplant  (ll.<10*ca~'^).  However,  samples  which  received  a  furnace  heat 
treataant  at  SOO*C  for  1  hour  prior  to  ITA  were  found  to  contain  hairpins 
whose  density  was  coaparable  to  that  of  preaaorphlsed  sample  with  Br2 
laplanted  ac  room  ceaperatura.  These  results  suggest  that  the  existing  a/c 
interface  can  be  aodlfled  la  slsdlar  fashion  by  beam  and  furnace  heating  and 
that  this  process  can  lead  to  an  Increase  In  the  population  of  hairpin 
dislocations.  The  aodlflcatlon  is  prasuambly  a  ripening  process  of  very  saall 
cryacalUtea  [11]  in  the  part  of  aaorphous  layer  in  close  proxlalty  to  the  a/c 
Interface  which  otherwise  aay  be  annihilated  during  high  teaperature  RXA 
process.  Cross  section  TEM  of  both  BP2  Implanted  samples  observed  prior  to 
RTA  process  has  shown  that  the  RT  BP2  Implant  produced  significant  coarsening 
of  the  Interface.  Figure  2  shows  TEM  alcrogrspha  of  the  preamorphlsed 
sample  before  and  after  BFj  laplantatlon  at  RT.  The  sample  with  BF2 
Implantation  performed  at  LH  exhibits  similar  features  to  those  of  a 
preamorphlsed  only  sample. 


■  b 

Fig.  2.  Morphology  of  a/c  Interface  la  the  sample  (a)  preamorphlsed  with  Si'*' 
at  Ul  and  (b)  subsequently  implanted  with  BF2  at  RT  (0.1  H/cm^). 
a  -  amorphous,  c  -  crystalline  layer.  Distance  marker  In  this  and  following 
micrographs  Indicates  O.S  pa. 


Although  beam  heating  of  the  a/c  Interface  during  the  second  (doping) 
Implantation  can  have,  as  was  Just  shown,  remarkable  Impact  on  the  dislocation 
density,  the  quality  of  the  Interface  due  to  amorphlsatlon  process  will  play  a 
dominant  role  In  determining  the  density  of  the  hairpins.  If  the  temperature 
of  the  sample  during  aaorphlslng  Implantation  Is  low  enough  to  prevent 
radiation  induced  defects  from  significant  diffusion  (recall  that  the  negative 
vacancy  In  SI  has  been  observed  to  becosm  mobile  above  lOOK  (IS)),  the  appear¬ 
ance  of  the  a/c  Interface  can  be  sharp  and  smooth,  with  possible  undulations 
due  to  Ion  straggling  effect  only.  The  TDI  micrographs  of  Fig.  3  show  a  LN 


•nantc  (9|  and  allleon  (6i,  aa  vail  aa  la  ehoaa  praaaorpblaad  with  SI  (9-11) 
or  Go  (12)  and  aabaaquaacly  laplantod  with  ahallow  BF2>  In  our  axporlMnCa  w* 
baua  alao  oboarrad  tha  dafaeta  ta  cha  St  praaaorpblaad  aaaplaa  laplaatad  wlcb 
boron. 

Krinnal  at  al.  (9)  who  obaanrad  'dlalocatloa  palra"  or  halrploa  la  Aa 
laplaatad  and  alactroa  baaa  annaalad  allleon  poaculacad  that  tha  dafaeta 
orltiaaea  froa  aanll  dialoeatlon  loopa  aetlng  aa  nuelal.  Tbo  aagaanta  of  dla- 
locaclon  loopa  (6),  or  half-loop  (5)  lataraaetod  bp  tha  a/c  Intarfaeo  hawa 
boon  propoand  In  othar  watka  aa  an  origin  of  tha  hairpin  dialoeatlon.  The 
tom  and  apnelfle  loeation  of  tha  dlaloeatlon-along  tha  (radiant  of  laplantod 
dopant(a)  and  hanea  aeroaa  tha  Incarfaca(a)  of  p-a  Juactleo(a)  auggoata  Ita 
pocantlallp  algnlf leant  and  datrlnantal  role  In  dawlea  parfomnnea.  To  our 
kaonlodga,  no  datallad  lafomatlon  about  tha  rola  and  ralatloa  of  tha  dafaet'a 
anlatanea  and  population  to  tha  Inplantatlon  proeaaa  baa  boon  publlabad. 
Barlp  atudlaa  of  lonle  traaaport  In  plpo  dlffualon  proeaaa  along  dlaloeatlona 
la  31  (IStlA)  tndleata  a  four  to  alx  ordorn  of  aagnltuda  laeraaaa  la  dlffualoa 
eoafflelanta  of  aueh  Iona  aa  Sb,  Ag,  In,  and  P  In  tha  900*1200*C  tanporatura 
range.  In  thla  Inwaaeigatlon  the  origin,  tha  relation  to  the  aorphologp  of 
a/e  tatarfaea,  and  the  rola  In  tha  dopant  pipe  dlffualon  of  hairpin 
dlaloeatlona  will  ba  ananlaod. 


Pig.  1.  Croaa-aaetlon  TIN  abowlng  hairpin  dlaloeatlona  (h)  apannlng  tha 
region  where  anorphoua  layer  exlatad  before  aaneallng. 


DTMAMIC  AWEALIW  AND  HAIIPIH  DCNSITT 

Our  prawloua  inweatlgatlon  (3)  ahowad  that  there  la  a  atrong  correlation 
baton an  tha  coneeatratlon  of  hairpin  dafaeta  In  tha  praaaorphltad  aaaplaa 
laplantad  with  BPj  and  annaalad  via  rapid  thamnl  anaaallng  (KTA),  and  tha 
tanporatura  of  the  wafer  during  dopant  Inplantatlon.  Sanplea  laplantod  at 
nenlnal  roon  tanMratura  (XT),  without  proper  heat  alnklng,  at  a  power  denalty 
of  about  O.lW/cn^  exhibited  a  high  denalty  of  halrplna.  An  etch  pit  count  for 
tha  aanple  aubjaet^  to  a  Sacco  etch  for  30  aaconda  rtvealed  about  7  x  10* 
dlaloeatlona  per  cn^.  Alnoat  no  hairpin  dafaeta  ware  obaarvad  In  the  sanpla 
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AISTRACT 

Tha  Raowtry,  origin,  and  diffualon  along  hairpin  dafacta 
in  Si  vara  invaatlgatad  ualng  TEN  and  SIMS  tachnlquaa,  Tha 
dafact  that  growa  froa  tha  aaorphooa-cryatalllna  (a/c) 

Intarfaea  following  solid  phaaa  apltaxy  growth  front  was 
found  CO  ha  a  parfaet  dlaloeaelon  with  a/2(101)  Burgars 
wactor.  Miaorlancad  alerocryacallltaa  within  tha  a/c 
cranaltlon  rogion  ara  propoaad  to  ba  miclaatlon  aitaa  for 
tha  hairpin  dlslocatlona.  Tha  dansity  of  tha  eryatallitaa 
incraasaa  with  an  ovarall  eoaraaning  of  tha  Intarfaea  which 
occurs  during  dynaadc  annaallng  procaasas  atlaulatad  by 
laplantatlon  or  poat-laplantacion  low  caaporatura 
annaallng.  Hairpin  dlaloeaclona  warn  found  to  pipa^iffusa 
boron  at  auch  hlghar  rataa  chan  bulk  procaasas  significantly 
shifting  dopant  profllaa.  Tha  diffusion  coafflclanc  of 
horon  plpa  diffusion  at  US0*C  was  found  to  ba  about  10* 
ciaaa  hlghar  chan  tha  bulk  ona. 

iMnoDocnoM 

Tha  ion  iaplantation  procass  has  baeoaa  a  routlna  asans  of  doping  aaai- 
condnetors.  An  alaetrleal  seclwacioa  of  tha  dopants  raqulraa  an  annaallng  at 
alawacad  eaaparacuras.  Although  caaparacuras  aa  low  as  600-650*C  can  prealda 
propar  aetiaatlon  (1-31  in  an  aaorphlsad  substrata,  caaparacuras  of  tha  ordar 
of  1000*C  ara  nacassary  to  fully  acciaata  tha  lapurlty  whan  tha  structura  of 
host  crystal  haa  not  baan  randarad  aworpboua  bafora  or  during  Iwplantsclon. 
It  is  also  wall  known  that  iwplaacsclen  into  a  prasBorphisad  substrata 
aliwinacas  ehannallng  of  Ions  along  aajor  crystallographic  dlraeclons  assuring 
tight  control  of  tha  dopant  concantraclon  prof 1 la  and  Junction  location, 
Silicon  salf-inplancaclon  haa  baan  chosan  by  sawaral  workers  [3-5]  as  a 
prsaaorphiaacion  procass  to  avoid  any  chaaieal  interaction  with  the  dopant, 
Hhlla  tha  ragrowch  of  tha  daap  aaorphous  layer  accowplishad  through  tha  solid 
phaaa  apitaxy  (SFE)  process  during  annealing  rawovas  any  residual  daaaga 
caused  by  tha  ahallowsr  dopant  inplaocacion,  it  nay  incroduea  certain 
eharacc arise ic  defaces  of  Its  own,  A  heavy  dose  of  tha  dopant  nay  induce 
praelpicatlon  and  nlcrotwla  fonsstlon  (6,7)  or  polycryacalllnlcy  (B)  during 
ragrowch.  Ragardlass  of  tha  doaa  the  racryscallisad  layer  contains 
Intarsticial  type  dialoesclon  loops  near  the  original  location  of  tha 
anorphous-crystallina  (a/e)  intarfaea.  Also,  it  has  baan  obaervad  (5,6,9-11) 
that  alongaead,  V-shapad  'hairpin*  dlalocacions  span  tha  ragrowing  layar 
(Fig.  1),  Tha  laccar  dislocation  follewa  tha  ragrowing  a/c  Intarfaea  and  In 
the  ease  of  an  anorphisatlon  axtanding  to  tha  surface  of  the  wafer  teralnataa 
at  that  surface.  Tha  hairpins  have  baan  obaervad  In  sanples  asMrphlsed  with 
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Figure  1.  Ge*  - r  (100)  Si,  300  keV,  10^^  cm“^,  XTiM  micrographs  showing  (a)  a  continuous 

asiorphous  layer  (dark  band)  in  the  unannealed  sample  (b)  dislocation  loops  due  to  straggling 
ion  damage  at  the  amorphous/ crystalline  interface  in  the  RTA  (1100°C/10  sec)  sample  (c)  sasw 
as  (b)  but  with  shallow  BFg  implant  (U2  keV,  2  x  10^^  cm“^). 
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Figure  2.  Weak-beam  T3(  plan  view  micrography 
(a)  corresponding  to  Fig.  lb  and  (b)  corres¬ 
ponding  to  Fig.  Ic,  ;;ote  a  high  density  of 
fine  clusters  (s^oa)  in  Fig.  2b. 

defect-fxee  regxowth  aqain  occurred  in  the 
originally  anorphous  region  (Fig.  Ic) . 
Hair-pin  shaped  ^slocations  (not  shown)  were 
occasionally  observed  in  this  region  (type  II 
defects  in  ref.  S) .  Stoiall  dislocation  loops 
due  to  straggling  ion  damage  were  also  present 
in  the  interfaci^U.  region.  Althou^  the 
bright  field  XTDt  micrognph  did  not  show  any 
surface  damage  (type  III  in  ref.  5) ,  the 
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Figure  3>  SIMS  profiles  of  boron  before  and 
after  RTA  at  1100®C/10  sec. 


weak-bean  TQI  micrograph  (Fig.  2b)  from  a  plan 
view  sanple  corresponding  to  the  surface 
region  of  Figure  Ic  reveal^  a  hi^  density  of 
unifgnaly  distributed  fine  de£K±  clusters 
(S50A).  Such  clusters  were  absent  in  a 
similar  TEM  micrograph  (Fig.  2a)  ftos  the 
saeple  without  the  BF,.  A  similar 
pheinnenon  has  been  obse^ied  on  FXA  of 
self-ii^janted  sanples  with  a  shalljow  BF2 
layer. 

The  B  and  F  profiles  &om  the  sanplee  of 
Fig.  Ic  before  and  after  the  RXA  are  shown  in 
Figures  3  and  4.  The  as-inplanted  profiles  of 
both  B  and  F  showed  Gaussian  4istributians 
with  pegics  occurring  at  300A  (Fig.  3) 
and  250A  (Fig.  4).  The  peak  concentutions 
of  B  and  F.  wera  found  to  be  5  x  10^”  ca"'^ 
and  8  x  cm'*'*  respectively.  During 
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houever,  a  hi^  concentration 
on*'’)  of  B  was  found  to  segregate 
toMord  the  surface  vAiich  created  a  pile-tp 
there.  Rranounoed  diffusion  into  the  deeper 
regions  (vp  to  0.2vim)  also  oooirzed  (Fig.  3). 
The  F  profile  fron  the  RIA  sanple  did  not  show 
high  surfeKse  concentrations.  The  F  peak 
renained  at  althou^  it  becane  narrower  as 
ocspared  to  that  in  the  unannealed  sanple 
indicating  its  precipitation  at  this  de^^. 
Diffusion  of  F  toward  the  peak  was  observed 
fron  either  side  of  the  pe^.  Ccnparison  of 
the  tieak-beam  TEM  results  %ri.th  the  SIMS  data 
in  Figs.  3  and  4  ocnfims  that  the  fine 
clusters  are  related  to  the  presence  of  B 
and/or  F. 


Figure  U.  SIMS  profiles  of  fluorine  before 
and  after  RTA  at  1100«C/10  sec. 

Fron  the  results  presented  above,  it 
appears  that  Ge  can  be  a  suitable  alternative 
for  pre-anorphisation  of  Si.  The  structural 
quality  obudned  after  BSA  of  the 
pre-amorphized  layer  with  or  without  BF,  is 
ocnparable  to  or  betten.t^  that  achievsn  in 
the  Si-inplanted  case.  '  For  exanple,  in 
both  procedxu«s  three  types  of  major  secondary 
defacts  are  found  to  be  present  with  BF.: 
(1)  surface  danage  (II)  'hair-pin'  shapU 
dislocations  within  the  inplanted  region  and 
(III)  dislocation  loops  due  to  straggling  ion 
damage  at  the  amorphous  crystalline  interface. 
Hcnmver,  in  the  Ge  isplanted  sanples  the 
density  of  type  II  defects  is  an  order  of 
smgnituds  less  than  that  in  the  Si  iqplanted 
aaples.  The  nature  of  the  surfaoe  dimge  in 
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the  two  cases  is  also  found  to  be  different. 
For  exanple,  in  the  Ge  case  only  uniformly 
distributed  fine  defect  clusters  are  observed 
in  the  surfaoe  region  (Fig.  2b) .  In  the  Si 
case  micTDtwins  and  other  irregular  structures 
are  observed  in  addition  to  the  clusters. 
Oonparison  of  atonic  profiles  of  F  show  that 
the  redistribution  of  F  in  both  the  unannealed 
ju>d  annealed  sanples  can  be  significantly 
Induced  in  the  Ge  ca%.  However,  the  B 
profiles  following  BF.  inplantation  show 
qualitatively  similar  r^ults  in  the  two  cases 
ailthcugh  B  segregation  at  the  surface  is  more 
pronounoed  in  the  Ge  case  than  the  Si  case, 
Ebqperim^pts  on  BTA  laehavior  of  sheillow  b'*' 
and  As'*'  into  Ge  isplanted  Si  are  now 
underway.  The  electrical  results  frcm  these 
sanples  will  l)e  published  elsetdteze. 
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mnaiuCTKM 

GCRtrol  of  elactzic  ctaarge  in  the  aurfaoe 
zegian  of  eodezn  ninietuze  Si  devlou  is 
adiisved  hy  shsllmf  (  O.Sin)  dopaM 
isplantaticn  followwi  by  a  ftmiaoe  or 
thezBBl  aanaaling  (REh)  tzeataant.^  ' 
Houever,  for  li^  iafncitiee,  such  os  B, 
ocB^lehe  aBiacphizatian  of  the  aaarfaoe  layer  by 
ion  ii^lantmilon  Aiss  not  aacar  even  at  hi^ti 
doses  (  10'*^  cbT^  and  an  eactended  tail  in 
the  B  distribution  is  ueually  cfaesrved  due  to 
channeling  daring  iaplantatixm. 
BBBDvel  of  partially  ■aaiThma  iaplantatian 
danage  is  difficult  to  achieve  on  sufaeeqpient 
annealing.  FUrthemote,  high  doses  of  enal-ler 
covalont  radii  dopants  create  a  dislocation 
natHodc  in  the  ieplanted  region  in  addition  to 
eevecal  othar  kinds  of  eatbendad  defects, 
ihereftse,  racmit  shaUow  iaplants'  of  light 
ia^urlties  ate  oonducted  into  pre  enoTThirnd 
Si  substrates  and  then  fuznaoe'*'  or  rapid 


thanaiQly  annaaled-to  dzcuawent  the  prcbleoe 
addbeeeed  above.  Ihe  page  -eeiorphization 
is  uBuidly  adiieved  by  aeiltiple  energy 
eelfrinlantatlon  of  Si  to  very  high  doses 
(10-'^  xn~^) .  Sinos  Ge  has  infinite  solid 
solubility  in  Si/  and  it  does  not  appear  to 
alter  the  electrical  properties  of  Si 
significantly,  %«e  have  ■aniTphifed  Si  prior  to 
dopant  iapli^  with  Ge  rather  than  a  typical 
Bulti  energy  81  iagdant.  A  eieilat.  aeptoach 
is  being  inveetigated  by  others. The 
preeenre  of  lazgs  oovalent  radius  Ge  on 
substitutional  site  in  Si  is  expected  to 
coBpensate  the  lattice  stradn  that  arises 
aft^  subaaquant  high  dose  shallaw 
iaplant/amaaling  of  iapiurities  IDee  B  or  P. 
This  should  prevent  the  foaanation  of  a 
dislocation  networii  vihich  would  othezwiae  be 
pceaent  %fithout  Ge.  m  this  ooBnunicatian, 
RIA  bahavior  of  pre  aeDcphlaed  aurfaoe  l^ers 
in  Si  proAioad  bf  Ge  Iaplantatian  %*ith  or 
without  auheaquant  BP,  isplant  is  pteaanted. 
A  oavailaon  betwaan  lOh  raeulta  fcom  Si  and 
Ge  iiilnned  asEKphous  eugftioB  layers  is  also 


t  sapid 
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Silicon  wafers  of  (100)  arientatlon  were 
iaplanted  tdth  Ge'*'  to  a  dose  of  10'^^ 
ca  .  The  iaplratation  ves  oonducted  at 
300keV  at  either  liquid  nitrogen  (IK)  or  noae 
teoperature  (RT).  Sees  of  the  wafers  ware 
subsequently  iaplenta^  wito  42  )caV  BP-  at 
RT  to  a  dose  of  2x10'^  aoT  .  Both  tyffts  of 
wafers  than  mderwont  REB  at  1100*C  for  10 
eeotode  in  an  intenae  inooherant  11^  systmu 
The  structural  chaxactarizaticn  on  all 
ciQea*4ection  saeplee  ems  parfonaad  by 
bright-field  tranaeiisslan  electron  adcroeoepy 
(iskl  whereas  both  hri^-field  and  weak-beaa 
TEM  %iere  perfoznad  on  plan  view  eaeples.  The 
atonic  profiles  of  B,  F  and  Ge  tefore  and 
after  the  RIB  tiers  obtained  by  secondary  ion 
anas  epectzoeaetxy  (S1M5). 

BBSmaS  AW)  DISCDBSICM 

Figures  la  and  b  show  typical  XEQI 
adcrographe  fiDon  a  Ge  ii^lanted  (at  IK  or  RE) 
eaeple  before  and  after  REA  at  1100*C  for  10 
aeoends.  PSen  these  adexographs  and  their 
oorzeqponding  diffraction  pettems  (not  shown) 
it  wee  foi^  thaip  the  uoannealed  sa^>le 
contained  a  4000A  wide  anorphous  layer 
extending  frae  the  surface  (Fig.  la).  Upon 
annealing  at  1100*C  for  10  aeoonds, 
dsfact-fiee  regrewth  occurred  in  the  anorphous 
region  (Fig.  lb).  Howevar,  the 
anorphouB/cxystolline  interfacial  r^cn  in 
the  annaaled  eonple  contained  a  diacrete  layer 
of  anell  disloation  loops  typical  of  tto 
ooalaesoenoe  q|  straggling  hm  danage. '  ’ 
The  RBS/NeV  He*'  (dianneling  fron  the  emples 
of  Figure  W  and  b  indicated  that  92%  of  Ge 
occupied  .substitutional  lattice  sites  after 
the  REA. '  '  Oonpariaon  of  the  Ge  profiles 
fraa  the  unannealed  aund  annealed  saeplee  toow 
that  vaxy.  little  redistribution  of  Gs  occurs 
on  REA.'” 

The  XIEM  Micrograph  froas  the  subeaquantly 
rinllow  (42  loaV)  BF,  iiplantad  but  unannaBlad 
eaeple  showed  that  raeza  wee  no  change  in  the 
width  of  the  original  namThnaie  la;^.  fte 
REA  of  tois  seeple  ahowed  that  oeaantially 


aenaaling,  Ge,  isplantation,  TBl,  SSC, 
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nC.  l.ConcaMruioa  vs  depth  profile  of  “B”  for  BF]*'  implant  in  silicon 
before  and  after  RTA. 

^  The  sheet  resistance  saturates  above  950  *C  and  the  sftt* 
^  urated  value  of  the  sheet  resistance  corresponds  approxi* 
mately  to  90%  activation  and  to  a  mobility  value  of  1 10  cmV 
Vs.  With  the  implant  parameters  used,  the  peak  concentra¬ 
tion  is  2x  10”  cm~^  and  the  mobility  value  is  adequate  for 
this  concentration  level.*  The  leakage  current  is  greatly  af- 
^  fectedby  the  thermal  steps.  A  typical  variatioa  of  the  junc- 
]p  tion  leakage  current  with  RTA  temperstiae  is  shown  in  Fig. 
3.  The  wafers  which  were  preanneakd  at  350  *C  (30  min  in 
N]  ambient)  do  not  show  an  RTA  temperature  dependence 
since  the  recrystallization  takes  place  in  the  preanneal  step. 
^ '  A  slight  decrease  with  increasing  RTA  temperature  was  ob¬ 
served  in  some  of  the  data  sets.  However,  the  leakage  current 
V  of  the  junctions  with  only  RTA  showed  a  strong  RTA  tem¬ 
perature  dependence.  When  the  heat  pulse  ramp  rate  was 
decreased,  the  leakage  current  also  decreased.  All  of  the  data 
sets  examined  have  shown  the  same  trend.  Lower  annealing 
time  values  (less  than  10  s)  seemed  to  have  some  reproduc¬ 
ibility  problems. 
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FIG.  3.  Dependence  of  the  junction  lenknfe  cuncni  demity  to  the  RTA 
tempcniure  with  end  without  prcnnneal  step  (anneal  time  10*.  tel  ramp). 

These  results  suggest  that  950  *C  is  the  optimum  RTA 
temperature  in  terms  of  both  leakage  current  and  sheet  resis¬ 
tance.  At  this  temperature  it  appears  that  the  preanneal  step 
can  be  omitted,  eliminating  a  furnace  anneal  step,  since  the 
leakage  current  value  is  almost  equal  to  the  value  obtained 
with  preanneal  step.  The  sheet  resistance  also  reaches  its 
saturation  value  at  this  temperature. 

The  leakage  current  density  obtained  was  around  1  (A/ 
fitn^  (at  10- V  reverse  bias  voltage).  This  value  includes  a  con¬ 
tribution  due  to  surface  leakage  since  no  measure  was  taken 
to  avoid  it.  For  comparison  a  set  of  diodes  has  been  fabri¬ 
cated  using  conventional  annealing  techniques  (900  *C,  30 
min)  and  the  value  of  leakage  currsnt  density  was  found  to  be 
arottiid  2  at  10  V. 

An  ideality  factor  7  of  1.3-).4  was  obtained  from  the 
forward  bias  characteristics  of  the  RTA  diodes. 

In  conclusion,  we  have  demonstrated  that  when  the 
temperature  is  adequately  selected  RTA  can  replace  a  con¬ 
ventional  furnace  annealing.  The  optimum  RTA  tempera¬ 
ture  is  observed  to  be  around  950  ’C.  RTA  apparently  mini¬ 
mizes  the  problem  of  dopant  redistribution  during  annealing 
and  offers  a  very  flexible,  easy  to  handle  processing  tool  The 
results  suggest  that  RTA  can  be  implemented  in  a  device  or 
integrated  circuit  process  for  annealing  purposes  without 
sacrificing  electrical  performance.  A  550  *C  preaimealing 
before  RTA  should  improve  the  quality  of  the  crystal  re¬ 
growth.  But  it  seems  that  for  the  implant  parameters  chosen, 
the  preannealing  can  be  omitted. 

This  work  was  supported  by  the  Office  of  Naval  Re¬ 
search,  Arlington,  Virginia. 
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Shallow  BF]  and  B  implants  (42  keV,  2  X 10'^  cm  were  conducted  at  either  liquid  nitrogen  or 

room  temperature  into  deeply  preamorphized  (100)  Si.  Cross-sectional  transmission  electron 
microscopy  revealed  that  subs^uent  rapid  thermal  annealing  (RTA)  of  the  room-temperature 
implanted  BF]  sample  in  the  temperature  range  9S0-1  ISO  *C  for  10  s  created  three  classes  of 
secondary  defects  at  three  different  depth  levels.  The  depths  corresponded  closely  to  the  projected 
range  of  the  BFj  implant,  the  deep  amorphous/crystalline  interface,  and  the  region  immediately 
below  the  interface.  In  contrast,  RTA  of  preamorphized  Si  with  or  without  the  shallow  B  implant 
both  resulted  in  a  high  perfection  surface  region  with  secondary  defects  only  in  the  region  below 
the  deep  amorphous/crystalline  interface.  A  phenomenological  model  for  nucleation  of  the 
separate  layers  of  defects  is  presented. 

PACS  numbers:  61.70.Tm.  81.40.Ef.  71.33.Jv.  61.16.Di 

Rapid  thermal  annealing  (RTA)  techniques  employing 
incoherent  light  sources  with  heating  cycles  of  1-10  s  are 
currently  being  explored''*  as  an  alternative  to  furnace  an¬ 
nealing  of  ion  impluution  induced  danuge.  RTA  is  becom¬ 
ing  popular  in  device  development  labs,  because  it  has  been 
demonstrated  recently  that  very  high  dopant  activation  with 
reduced  redistiibutioo  of  the  initial  implanted  profile  can  be 
achieved  by  this  method.*'*  The  simplicity  and  energy  effi¬ 
ciency  of  RTA  equipment  compared  with  scanning  laser  or 
electron  beam  sources  make  this  process  promising  for  high 
volume  manufacturing  of  integrated  circuits.  Channeling, 
residual  defects,  and  incomplete  electrical  activation  in  the 
tail  region  of  dopant  profiles  are  major  problems  when  ion 
implanution  is  used  to  form  shallow  junctions.  This  is  par¬ 
ticularly  true  for  B  as  well  as  BFj  implants,  since  the  latter 
breaks  up  upon  impact.*'^  For  heavy  atoms  and  high  doses, 
an  amorphous  layer  is  formed  which  reduces  channeling  and 
improves  the  subsequent  solid  phase  epitaxy.  Little,  if  any, 
amorphous  material  is  formed  B  or  BFj  when  the  implant 
is  performed  into  a  substrate  that  has  either  no  heat  sink  or  a 
poor  heat  sink.  The  extent  and  nature  of  lattice  damage  is 
highly  dependent  on  the  substrate  temperature  during  im¬ 
planution  as  well  as  the  dose.*  The  use  of  a  deep  Si  implant 
to  form  a  wide  amorphous  layer  prior  to  the  shallow  dopant 
implanution  has  been  considered  to  circumvent  channeling 
and  incomplete  electrical  activation  on  furnace  or  RTA.**'* 

Although  electrical  and  atomic  distributions  of  dopants 
have  been  reported  in  the  literature,*'*'^'*  the  studies  of  re¬ 
sidual  defectt  after  RTA  have  been  limited.  In  this  letter, 
detailed  investigations  of  defect  structures  in  B*^  and  BF,** 
implants  into  preamorphized  Si  are  reported  using  trarumis- 
sion  electron  microscopy. 

Uniform  preamorphization  to  a  depth  of  630  nm  was 
achieved  by  performing  a  triple-energy  Si  self-implantation 
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at  300,  130,  and  70  keV  and  doses  of  10'*,  3X 10'*,  and 
3x  10'*  cm~*,  respectively.  During  the  implantation,  the 
wafers  were  held  at  either  liquid  nitrogen  (LN)  or  room  tem¬ 
perature  with  a  good  thermal  contact  to  the  wafer  mount  or 
with  essentially  no  thermal  contact  to  the  mount  Only  LN 
implanution  with  a  good  thermal  contact  resulted  in  a  com¬ 
pletely  amorphized  surface  layer  with  a  sharp  amorphous/ 
crystalline  (^c)  interface  as  revealed  by  cross-sectional 
transmission  electron  microscopy  [Fig.  1(a)].  At  other  im¬ 
planution  temperatures,  complicated  multilayer  amor¬ 
phous  or  heavily  damaged  structure  formed  due  to  in  situ 
annealing  effects.  Therefore,  only  wafers  preamorphized  at 
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HO.  I.  CroM-aectioii  TEM  micrognphtofllOOl  silicaa  implanMd  with  Si 
<t  }00.  I  SO.  and  70  keV  and  doact  of  10'*.  3  x  10”.  and  3  x  10”  cm  ^  re¬ 
spectively,  at  LN.  la)  at  implanted,  ibl  RTA  at  1 1 30  *C  for  10  s.  Arrowt 
point  to  the  surface,  c— crystalline,  a — amorphous,  I — type  I  damase. 
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FIC.  2.  Citm  Mction  TEM  microcnphi  of  (100)  tilieoii  prcamofphiMd  tach  m  the  lemplc  of  Fig.  I(»|  uid  implanted  with  BFj  at  42  keV  and  a  dote  of 
2x  10'*cm~*atiiomiaalroomtamperatttre.  (alaaimplantad.  (blRTAat^iO'Cfor  IOt,|c|RTAat  I  ISO *C  for  lOt.  I — type  I  daniage,  II — type  II  damage. 
Ill-type  III  dmnage. 


LN  were  used  for  tubeequent  42-ke V  BFj  or  B  impUnutton 
to  a  doee  of  2X 10'^  cni~^  at  room  or  bquid  nitrogen  tem¬ 
perature.  Figure  1  thowt  the  recrystalliation  behavior  of 
the  preamorphized  Si  layer  (without  any  subsequent  dopant 
implanti  umier  RTA  conditions  at  1]S0*C  for  10  s.  The 
amorphous  layer  tegrew  perfectly  by  solid  phase  epitaxy  on 
the  underlying  Si  substrate  leaving  no  secondary  defectt. 
This  is  evi^t  from  the  XTEM  micrograph  of  Fig.  1(b),  as 
well  as  from  the  corresponding  transmission  electron  dif¬ 
fraction  pattern  which  showed  single  crystal  (110)  qxKs. 
However,  a  layer  of  dislocation  loops  remained  at  a  mean 
depth  of 640  nm  which  corresponded  closely  to  the  origina} 
a/c  interface.  This  is  indicated  as  type  I  damage  in  Fig.  1(b). 

The  subsequent  shallow  BF,  implantation  at  nominal 
room  temperature  into  the  preamorphized  Si  substrate 
caused  sufficient  beam  heating  and  thus  in  situ  annealing 
during  the  implantation  such  that  observable  changes  in  tlw 
structure  and  morphology  of  the  original  amorphous/crys¬ 
talline  interface  occurred  [Fig.  2(a|].  Subsequent  RTA  of 
these  samples  in  the  temperature  range  930-1 190  *C  for  lOs 
created  tl^  separate  layers  of  secondary  defects  including 
type  I  daniage  which  was  located  at  a  mean  depth  of 700  nm 
[Fig.  2(b)].  The  dominant  looking  “hair-pin”  shaped  disloca¬ 
tions,  hereafter  referred  to  as  type  II  damage  nucleated  in  the 
950  *C  lO-s  RTA  sample  at  a  mean  depth  of  640  nm  which 
corresponded  to  a  depth  slightly  above  the  a/c  interface  in 
Fig.  2|a).  The  depth  of  these  dislocations  decreased  to  430 
nm  and  their  “hair-pin"  ends  became  flatter  following  RTA 
at  1 1 30  *C  10  s.  In  addition,  a  90-nm-wide  band  of  fine  defect 
clusters  was  present  in  the  surface  region  that  was  implanted 
with  BFj  [Fig.  2(b)].  Secondary-ion  mass  spectrometry  anal¬ 
ysis  has  shown  this  region  to  be  rich  in  fluorine.  This  F  relat¬ 
ed  surface  damage  has  been  designated  as  type  III  damage. 

The  dominant  type  II  ‘hair-pin”  damajp  seen  in  Fig. 
2(b|  was  no  longer  present  (see  Fig.  3)  when  the  BF,*  was 
implanted  at  LN  temperature  into  preamorphized  Si  fol- 
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lowed  by  RTA  under  the  same  conditions  as  Fig.  2(c);  only 
types  I  and  III  damage  occurred.  The  band  of  the  type  III 
damage  was  slightly  narrower  (60  nm)  and  the  mean  depth  of 
type  I  damage  was  shallower  (630  nm)  than  that  observed  in 
Fig.  2,  but  the  latter  was  at  the  same  depth  as  in  Fig.  1(b).  The 
fine  clusters  were  also  observed  when  BFj  was  implanted 
into  single  crystal  Si  substrates  and  subsequently  nqiid  ther¬ 
mally  annealed. 

Figure  4  shows  the  RTA  behavior  of  the  sample  im¬ 
planted  with  B‘‘'  at  LN  or  room  temperature  into  a  preamor- 
l^hized  Si  substrate.  The  B'‘'  implantation,  unlike  the  room- 
temperature  BF/  implant,  did  not  cause  any  observable 
change  in  the  nature  of  the  a/c  interface  of  the  preamor¬ 
phized  region.  The  RTA  of  these  samples  at  1190  *C  for  10s 
showed  striking  results  in  that  defect-free  regrowth  occurred 
for  the  entire  preamporphized  region,  including  the  B-tkh 
surface  region,  although  the  type  I  damage  at  630  nm  re¬ 
mained.  This  is  in  sharp  contrast  to  the  earlier  results  of  B 
either  implanted  or  diffused  into  single  crystal  Si  to  high 
concentrations  ( <  10^  cm~*).  In  such  cases,  a  dislocation 


FIG.  I.  CrOM  Mrtion  TEM  microtraph  of  (100)  Si  im;  ‘  titled  and  timesM 
ia  lb*  MUM  meiuier  m  Fif .  2|c)  but  (lie  BF,  vet  implanted  at  LN. 
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FIC.  4.  Typical  crow  laction  TEM  microfrafilt  of  (100)  Si  prcamoiphued 
mtketaaeaiaiiiieraiRg.  l(a)aiidiinplaaiadwiUiBai42keVaiida<laaeaf 
2xlO'’cm~’atcitlMrLNorraomt«npcranMc,aiidRTAai  llS0*Cfor  10 

t. 

network  it  always  found  to  occur  at  a  depth  oonesponding  to 
the  peak  of  the  B  distribution  in  Si  both  under  furnace  and/ 
or  RTA  conditioas.’ 

We  now  discuss  the  (Migin  of  types  I,  II,  and  III  damage 
in  the  preamorphized  layer  with  or  without  B  or  BFi  (Figs. 
1-3).  llie  amorphous  layer  regrows  on  top  of  the  underlying 
single  crystal  Si  substrate  via  solid  fdiase  epitaxy'^  and  the 
recrystaUizatioo  bduvior  depends  critically  on  t^iuture  of 
the  ditorder  at  the  a/c  interface. If  the  dimensions  of  dam¬ 
age  clusters  remain  below  a  certain  critical  size  (perhaps  10- 
IS  A)  at  and  below  the  a/c  interface,  the  regrowth  in  (!00)  Si 
occurs  in  a  defect-free  manner.  Such  is  the  case  with  the  LN 
implanted  samples  of  Figs.  1,  3,  and  4.  However,  if  in  situ 
annealing,  e.g.,  due  to  room-temperature  BFj*  implant  is 
allowed  to  occur,  the  damage  clusters  may  aggregate  and 
conceivably  form  small  embryonic  dislocation  loops  at  and 
below  the  a/c  interface.  We  b^eve  such  is  the  case  with  the 
sample  oTFig.  2(a).  It  is  possible  that  some  of  the  small  loops 
are  truncated  at  the  a/c  interface.  The  two  ends  of  the  trun¬ 
cated  loops  then  act  as  nucleating  sites  for  the  hair-pin  dislo¬ 
cations  (type  II  damage).  Similar  dislocation/stacking  fault 
nucleation  phenomeiu  have  been  observed  earlier  in  epitax¬ 
ial  layers  grown  on  substrates  containing  dislocation  loops, '  ’ 
and  also  during  high  power  pulsed  laser  annealing  when  the 
depth  of  the  initial  molten  surface  layer  matched  closely 
with  that  of  the  amorphous  layer.  '*  These  dislocations  move 
toward  the  surface  during  high-temperature  annealing  treat¬ 
ments  explaining  why  the  ends  of  the  hair-pin  dislocations 
are  found  to  be  slightly  (70  nm)  above  the  apparent  a/c  inter¬ 
face  in  the  990  *C  annealed  sample  and  considerably  above 
(270  nm)  the  a/c  interface  in  the  1190  *C  annealed  samples. 

During  solid  phase  epitaxy,  the  advancing  a/c  interface 
will  encounter  a  F-rich  region  at  the  surface.  Since  F  has  a 
low  solid  solubility  in  single  crystal  Si,  it  is  expected  to  re¬ 
main  in  the  amorphous  material  as  long  as  thermodynamic¬ 
ally  possible.  Eventually,  however,  regrowth  of  the  heavily 
F-rich  amorphous  layer  will  be  retarded  leading  to  a  break¬ 
down  of  the  a/c  interface  due  to  the  nucleation  of  precipi¬ 
tates,  misorientcd  crystallites,  microtwins,  etc.  These  defects 
collectively  provide  the  type  III  residual  damage  in  the  sur- 
fiKe  regkM  of  the  micrographs  of  Fip.  2  and  3.  Similar  sur¬ 
face  clustering  phenomenon  has  been  observed  in  Ag-im¬ 


planted  (100)  Si  that  was  subsequently  annealed  in  a 
furnace.'^ 

The  type  I  damages  observed  in  all  of  the  samples  in  the 
present  study  and  also  reported  many  times  in  the  literature 
are  generally  attributed  to  straggling  ion  damage.'^  '*  The 
loops  have  been  found  to  be  of  interstitial  type  (extra  layer  of 
atoms).  The  extra  Si  interstitials  at  the  a/c  interface  probably 
diffuse  both  toward  the  a-Si  layer  and  into  the  bulk.  The 
latter  interstitials  coalesce  to  form  the  loops  and  grow  at  the 
expense  of  smaller  loops  or  point  defect  clusters.  The  extra  Si 
within  the  amorphous  layer  is  presumably  consumed  in  add¬ 
ing  extra  ( 100)  layers  of  atoms  above  the  initial  surface. 

In  summary,  the  recrystallization  behavior  of  BFj  and 
B  implants  into  preamorphized  Si  substrates  has  been  stud¬ 
ied  under  RTA  conditions.  We  have  demonstrated  for  the 
first  time  via  cross-sectional  TEM  that  defect-free  regrowth 
can  be  achieved  for  B'*'  implants  under  these  conditions.  Al¬ 
though  the  regrowth  results  of  the  preamorphized  layer  were 
sensitive  to  the  subsequent  BFj  implantation  temperature, 
fine  defect  clusters  in  the  BFj-iich  region  at  the  surface  were 
observed  irrespective  of  the  implantation  temperature.  A 
phenomenological  model  considering  the  size  distribution  erf' 
damage  aggregates  at  the  a/c  interface  has  been  used  to  de¬ 
scribe  the  nucleation  of  secondary  defects.  Our  results  clear¬ 
ly  suggest  that  a  BF,^  implant  followed  by  a  simple  RTA 
treatment  may  not  be  a  suitable  processing  choice  for  fabri¬ 
cating  shallow  junction  devices.  On  the  other  hand,  B  im- 
l^ted  into  preamorphized  substrates  looks  very  promis¬ 
ing. 

This  work  was  partially  supported  by  the  U.S.  Navy, 
Office  of  Naval  Research,  and  the  Semiconductor  Research 
Company. 
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SHALLOW  F*'-N  JUHCTION  FOR  CMOS  VLSI  APPLICATION 
USING  GERMANIUM  PREAMORPHIZATION** 

J.  Liu,  J.  J.  Wortman,  R.  B.  Fair* 

Departaent  of  Electrical  and  Computer  Engineering 
North  Carolloa  State  University,  Raleigh,  NC  27695 
*Hlcroelectronlc8  Center  of  North  Carolina,  RTF  NC  27709 

With  the  need  to  scale  VLSI  design  rules,  there  Is  the  critical  require- 
nent  to  form  very  shallow  junctions.  This  study  investigates  the  electrical 
properties  of  shallow  p^-n  Junctions  formed  by  low  energy  Ion  Implantation  of 
B  Into  preamorphlzed  silicon  followed  by  RIA  (rapid  thermal  annealing).  Pre- 
amorphlzation  Is  required  since  low  energy  B  Is  known  to  channel  to  depths 
approximately  twice  that  which  occurs  If  the  target  Is  amorphous,  thereby 
severely  Halting  the  fabrication  of  very  shallow  Junctions  (<  0.1  pm).  Ger¬ 
manium  was  chosen  over  silicon  as  the  ion  to  preamorphlze  the  wafer  for ‘sev¬ 
eral  reasons:  (1).  It  Is  very  difficult  to  use  silicon  Ion  Implantation  to 

form  complete  amorphlzatlon  unless  the  tnfer  Is  cooled  to  liquid  nitrogen 
temperature  [I].  (2).  It  la  difficult  to  Implant  silicon  without  implanting 

some  N2  unless  Sl^^  Is  used  which  severely  reduces  the  Implantation  beam  cur¬ 
rent.  (3).  Larger  doses  of  silicon  are  required  as  compared  to  germanium. 
In  general  It  Is  found  that  It  Is  very  difficult  to  remove  the  radiation 
damage  after  a  silicon  preamorphlzatlon  implant  [2] . 

In  our  studies  the  wafer  was  preamorphlzed  with  Ge  «ri.thout  cooling.  With 
appropriate  RTA  treatments,  regrowth  of  the  preamorphlzed  region  Into  good 
quality  material  Is  possible  [2]-..  We  found  leakage  currents  of  less  than 
SxlO'l^  A/cm^  at  -I  volt  reverse  voltage  with  breakdown  voltage  greater  than 
20  volts.  These  devices  were  formed  by  Implanting  B  at  10  KeV  at  a  dose  of 
1.0  E15/cm2.  in  N-type  (100)  SI  with  5  ohm-cm  resistivity.  The  Junction  depth 
was  measured  using  SIMS  and  was  found  to  be  approximately  0*15  pm.  Furnace 
preannealing  at  550  for  30  minutes  followed  by  RTA  was  found  to  be  the  key 
to  the  formation  of  shallow  Junction,  low-leakage-current  devices.  Shallow 
Junction  PMOS  devices  with  retrograde  n-wells  were  also  fabricated  In  a  like 
manner  and  low  leakage  currents  resulted.  The  effective  gate  length  of  these 
devices  was  approximately  1.5  pm  with  a  source/draln  Junction  depth  of  0.15 
pm. 

Hall  measurements  were  made  on  Ge  preamorphlzed  samples.  The  hole  mobil¬ 
ity  was  found  to  be  significantly  enhanced  (up  to  4  times  the  normal  value)  In 
the  Ge  preamorphlzed  material.  It  Is  believed  that  strain  compensation  by  Ge 
may  cause  this  difference. 

A  program  simulator  "PREDICT  I  [3]"  was  used  to  predict  the  profile  In 
the  devices.  This  model  Includes  carrier  transient  diffusion  phenomena  which 
occurs  In  RTA  processing  as  well  as  traditional  diffusion  phenomena  [3].  The 
simulation  Indicated  that  shallow  Junctions  formed  by  low  energy  B  Implanted 
Into  preamorphlzed  silicon  and  annealed  by  RTA  are  very  sensitive  to  further 
heat  treatments.  The  experimental  results  agree  well  with  the  simulation  and 
Indicate  that  the  heat  treatment  for  slllclde  formation  and  FSG  reflow^  for 
example,  cannot  be  Ignored  In  submicron  CMOS  device  fabrication  processes. 
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INTERFACE  TRAPS  CAUSED  BY  Ge  PRE-AMORPHIZATION 


D.  S.  Wen.  J.  Liu,  C  M.  Osbum,  and  J.  J.  Wortman 
North  Carolina  State  University,  Raingh,  North  Carolina.  2769S 

INTRODUCTION 

Modem  CMOS  VLSI  technologies  require  shallow  source-drain  junctions  for  both  p* 
channel  and  n*channel  devices.  Junction  depths  between  0.1  and  0.25  micrometers  will  be 
necessary  in  order  to  minimize  both  source-drain  leakage  currents  and  threshold  voltage 
reduction  due  to  short  channel  effects.  This  is  particularly  difficult  for  p-channel  transistors 
because  of  the  channeling  and  the  high  diffusivity  of  boron  in  silicon.  However,  these  effects 
can  be  minimized  by  applying  both  pre-amorphization  techniques  and  rapid  thermal  anneal¬ 
ing  (RTA)Il-3l  More  recently,  silicon  pre-amorphization  using  Germanium  implantation  was 
shown  to  be  a  suitable  chtnce  for  Si  pre-amorphization,  since  it  has  a  high  solid  solubility  in 
Si  and  because  it  does  not  appear  to  alter  the  electrical  properties  of  Si  significantlyi3]  In 
order  to  be  compatible  with  self-aligned  poly  eilicon  gate  technology,  the  damage  caused  by 
high  energy  implantation  must  be  prevented  from  degrading  the  silicon-silicQn  dioxide  inter¬ 
face.  MOSFET  characteristics  can  be  degraded  if  the  damage  is  not  removed  by  anruiaHng.  in 
our'Tecent  work,  the  interface  traps  caused  by  the  Ge  pre-amorphization  were  observed  even 
with  very  low  implant  energy.  A  comparison  between  different  isotopes  of  germanium 
showed  that  the  effect  was  due  to  hydrogen,  not  ^rmanium.  The  purpose  of  this  communi¬ 
cation  is  to  document  the  effect  and  to  alert  other  workers  to  the  adverse  impaa  of  GeH 
implantation. 


EXPERIMENTAL 


Startup  with  <100>  p-type  Si  wafers,  a  38nm  gate  oxide  was  thermally  grown.  A 
0l25  fim.  pQl3^silicon  layer  was  then  deposited.  After  POCl^  doping,  a  0.15  /tm  CVD  oxide 
was  deposited  to  increase  the  height  of  the  gate  barrier  up  to  0.4  fim.  Then,  Ge  was 
implanted  at  several  energies  with  a  dose  of  2E15  cm  Two  isotopes  of  Ge  (Ge(70)  and 
Ge(74)  )  were  used  using  GeH^  as  the  source.  The  CVD  oxide  layer  on  the  top  of  poly  was 
etched  off  and  standard  MOS  capacitors  were  generated  by  plasma  etching  the  poly-silicon. 
Rapid  thermal  annealing  was  then  performed  at  1000°C  and  1100°C,  respectively,  for  10 
seconds.  The  C-V  characteristics  of  the  capacitors  were  obtained  and  the  results  were  com¬ 
pared. 

RESULTS  AND  DISCUSSIONS 

Hgure  la  show  the  C-V  characteristics  of  the  MOS  capacitors  with  Ge(74)  implanto- 
tion  at  75  kev,  after  RTA  1000°C  for  10  seconds.  There  is  a  hysteresis  in  the  C-V  charac¬ 
teristics  between  forward  and  retrace  curves.  The  minority  carrier  lifetime  of  the  devices  is 
so  low  that  the  device  can  not  be  driven  into  the  deep  depletion.  Similar  results  had  been 
obtained  on  the  samples  with  Ge(74)  implantation  at  the  energies  of  150  kev  and  300  kev. 
These  results  indicate  that  the  interface  damage  exists  even  with  very  low  implant 
energy(75  kevX  Such  damage  can  be  removed  only  by  RTA  at  1100°C  for  10  seconds,(Fig. 
l.b)  and  was  not  observed  on  the  control  wafer  without  implantation.  The  LSS  projected 
range  and  standard  deviation  for  Ge  in  Si  are  listed  in  Table  L  The  estimated  depths  of 
amorphous  layer  are  0J9  nxn,  021  fim,  and  0.11  fim  for  the  energies  of  300  kev,  150  kev, 
and  75  Kev,  respectively.  TEM  cross  sectional  analysis  for  Ge  implantation  at  300  kev 
showed  the  amorphous  layer  to  be  about  0.4  ^nLl3]  Thus  Ge  penetration  through  the  thick 
poly-gate  ■tack(0.15  fim  CVD  oxide/0 J5  fim  polysiliccm/oxide)  was  considered  unlikely  at 
75  kev  and  150  kev.  Nevertheless,  the  defects  were  clearly  caused  by  the  implantation 


process. 


Since  Ge  has  several  isotopesCTable  n),  the  Ge(74)  is  usually  selected  because  of  the 
highest  percentage.  Unfortunately,  implantation  with  74  A2^  might  include  Ge(73)H  and 
Ge(72)H2  in  addition  to  Ge(74X  In  an  ion  implanter  with  a  pre-analysis  system,  the  mass 
analysis  takes  place  at  low  extraction  voltage,  and  the  beam  then  passes  through  an  accelera¬ 
tion  suge  to  reach  its  final  energy.  Post-analysis  dissociation  of  GeH(74)  could  occur  before 
high  energy  acceleration,  giving  the  hydrogen  atoms  enough  energy  to  penetrate  the  poly- 
gate  and  gate  oxide.  Indeed,  the  hysteresis  and  low  lifetime  phenomena  due  to  the  interface 
defects  are  not  seen  in  150  kev  Ge(70)  implanted  samples  after  RTA  at  1000°C  for  10 
seconds.(see  Fig.  2)  As  a  further  verification  that  defects  are  due  to  hydrogen  penetration, 
samples  with  only  H2  implantation  were  fabricated  by  the  same  manner.  C-V  hysteresis 
and  low  minority  carrier  lifetime  were  seen  in  the  C-V  curvesCFig.  3)  of  100  kev  H2 
implanted  wafers;  furthermore,  the  C-V  curves  exhibited  considerable  variability  from  die  to 
die.  Based  on  these  experiments  we  conclude  that  anomalously  high  energy  H  implantation 
can  occur  during  Ge(74)  implantation.  We  are  unable  to  determine  whether  this  causes 
from  pre-acceleration  dissociation,  charge  exchange  with  residual  H2  or  during  dissociation  of 
GeH  at  the  wafer. 

At  300  kev,  the  defects  were  observed  in  both  Ge(70)  and  Ge(74)  implanted  wafers.  It 
showed  that  the  Ge  penetrated  the  0.4  fim  gate  barrier  and  caused  damage  at  the  oxide- 
silicon  interface  confirming  the  previous  work  of  XTEM  analysis  by  D.  K.  Sadana  et  al43] 
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Table  L  The  LSS  projected  range  of  Ge  in  Silicon[4] 


Energy 

*P 

300  kev 

0.17 

0.055 

150  kev 

0.087 

0.030 

75  kev 

0.047 

0.017 

Table  n.  The  major  isotopes  of  Ge  [S] 


Isotope 

Percentage 

Ge(70) 

20.55% 

Ge(72) 

2737% 

Ge(73) 

7.679!> 

Ge(74) 

36.74% 

Ge(76) 

7.67% 
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FIGURE  CAPTIONS 


Fig.  1  The  C-V  characteristics  of  capacitor  with  Ge(74)  implantation  (energy  -  75  kev,  dose 
-  2  X  10^^),  (a)  after  RTA  1000°C  10  seconds;  and  (b)  after  RTA  1100°C,  10  seconds. 

Fig.  2  The  C-V  characteristics  of  capacitor  with  Ge(70)  implantation  (energy  -  150  kev, 
dose  -  2  X  10^^),  after  RTA  1000°C,  10  seconds. 

Fig.  3  The  C-V  characteristics  of  capacitor  with  implantation  (energy  -  100  kev,  dose 
-1x10^^),  (a)  after  RTA  1000°C,  10  seconds;  and  (b)  after  RTA  1 100°C,  10  seconds. 
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